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Abstract:
Th is thesis investigates technological evolution in bloom ery iron production. 
Patterns o f  variation in archaeological, historical, and m etallurgical data on early 
ironw orking system s are tracked across space-tim e and explained in term s o f  
evolutionary processes. W hile som e patterns may be attributable to localised resource 
constrain ts, o thers m ay be explained by the differential success o f  technological variants 
in ever-changing  socioeconom ic environm ents. M odels derived from neo-D arw inian 
theory are constructed  to identify lineages o f  technological know ledge from the bulk 
chem istries o f  ironw orking residues, especially  slag. Lineages are then explained in 
term s o f  evolutionary  sorting processes.
In order to m inim ise the effects o f  resource constraints, case studies are draw n 
from a single geographic  region— northw est W ales. Study sites include: C raw cw ellt 
W est (300 BC to AD 50), Bryn y Castell (150 BC to AD 250), and Llwyn Du (AD 1357 
to AD 1450). W hile neither com plete nor continuous in their tem poral coverage, these 
sites offer a basis for exam ining evolutionary processes at different scales and in 
different socioeconom ic settings.
Bulk chem istries o f  slag, ore, and furnace m aterials are determ ined by polarising 
energy dispersive x-ray fluorescence spectrom etry [(P)ED -X RF]. These data are 
supplem ented w ith reflected-light m icroscopy o f  sm elting slag. Both archaeological 
and experim entally  derived m aterials were analyzed. The experim ental data provides 
technological insights and a controlled m eans o f  evaluating analytical models. 
H istorical data are used to model socioeconom ic conditions.
Results stress the im portance o f  analyzing variation in early ironw orking 
technology. C onsiderable variation is observed in slag chem istry betw een the Iron Age 
and m edieval sites and betw een activity phases o f  the sam e site. The later phases o f  
Llwyn Du contain coexisting chem ical groups— suggesting the coordinated use o f  
m ultiple ironm aking recipes. A daptive processes account for m ost o f  the observed 
patterns o f  variation; building optim al recipes and strategies for fluctuating 
environm ents. Specific technological trajectories are historically contingent and 
geologically  constrained.
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Chapter 1: 
Introduction
Iron production constitutes one o f  the most significant technological and 
econom ic adaptations o f  hum an culture. Em erging in the N ear East some 3,500 years 
ago, ironw orking technology quickly spread across Asia, Africa, and Europe, ultimately 
reaching the New W orld in the sixteenth century AD. The abundance and relative 
ubiquity o f  ore made the production o f iron less expensive com pared with copper. Low 
relative cost and high applicability ensured the use o f  iron and ferrous alloys in an ever 
expanding range o f  practical purposes. This opened up o f  new technological 
possibilities in tool types, structural engineering, w eapons m anufacture, transportation, 
and m achines. And with new technological possibilities cam e new opportunities for 
m aking a living.
Early ironm aking was neither a stagnant nor uniform enterprise. 
Archaeological, historical, and ethnographic evidence reveals a surprisingly varied 
technology across both space and tim e (e.g., Killick 19 9 1, Pleiner 2000). Explaining 
this variance has profound im plications for the history o f  m etallurgy, m odels o f 
technological dispersal and change, and m odels o f  com m unity and social organisation. 
Despite the potential o f  this approach, archaeologists and technologists have been 
relatively slow in exploring its possibilities.
Henry Cleere (1986) made this same point more than twenty years ago, arguing 
that archaeom etallurgists were at that tim e failing to consider the role o f  metals, 
particularly iron, in society and sociocultural evolution. His words have been taken up 
in part by ethnographers and ethno-archaeologists, especially those working in Africa, 
and the results have painted a rich picture o f  magic, ritual, and econom ics. However, 
there is rarely any m ention o f  how the technology evolved or how it affected
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sociocultural organisation once it emerged, or even how the societies responded to its 
introduction (but see De Barros 1988, Ehrenreich 1985, and Kim 2001). Rather, we 
receive an image o f  the fully developed technology operating within stable 
socioeconom ic system s.
A nother issue illum inated by Cleere (1986, 1-2) was the general lack o f 
integration betw een archaeology and m etallurgy. W hile the situation has greatly 
improved, there rem ains a staggering epistem ological hurdle betw een the physical and 
social sciences. A rchaeologists tend to accept w hatever m etallurgists say without 
considering its ram ifications, and archaeom etallurgists seem com fortable in interpreting 
their findings within whatever sociocultural fram ew ork the archaeologist or 
anthropologist has provided. This is a problem com m on to technology studies in 
general, but is being more slowly resolved in m etallurgy than in other fields o f 
archaeom etry.
Ironworking in Northwest Wales
An ongoing research project based in northw est W ales is continuing to challenge 
this state o f  affairs, using archaeology, history, and m etallurgy to inform one another in 
equal m easure (Figure 1.1). The nearly com plete excavation o f  three primary iron 
production sites com bined with a program m e o f  experim ental sm elting and sm ithing has 
generated a wealth o f  information relating to the organisation and costs o f  production, 
identification o f  regional technological traditions and exchange system s. An extensive 
program m e o f  palaeobotanical studies has enhanced our understanding o f  the 
technology (e.g., Cham bers and Lageard 1993; M ighall and Cham bers 1997) as it 
relates to w oodland use and m anagem ent, wood selectivity, and pollution. Original 
econom ic history research (Smith 1995) has added additional dim ensions to the place o f  
ironw orkers in m edieval W elsh society and challenged engineering hypotheses for
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Figure 1.1: Map of ironworking sites in northwest Wales (after Crew 1995a, 226, Figure 
6). Filled symbols = primary production; Open symbols = smithing or uncertain; Circles 
= prehistoric; Large boxes = Roman Forts; Small boxes = Romano-British settlements; 
Triangles = Medieval bloomeries; B = Billets; C = Currency bars; F = Capel Garmon 
Firedog; T = Trawsfynydd Tankard; 1 = Bryn y Castell; 2 = Crawcwellt West
bloomery production. As the questions generated by these varied approaches become
more challenging and numerous, they have given rise to more informative survey
techniques (Crew, 2002b), analytical methods (Crew 2000), and experimental strategies
(Crew and Charlton, n.d.).
The results o f this work reveal northwest Wales to have been a significant centre
for ironworking in prehistoric Britain. The excavations o f  Crawcwellt W est and Bryn y
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Castell produced evidence o f  primary iron production an order o f  m agnitude higher than 
at any previously recorded native ironworks. W hile still small in scale com pared to 
later industries, it is clear that the m asters who ran them  held considerable status—  
enough at least to m aintain the defences o f  a hillfort and acquire exotic glass bangles 
(Crew 1980, Crew 1989a). Production ceased at these sites while the Romans occupied 
the region, resum ing only at Bryn y Castell shortly after the cessation o f  a military 
presence.
During the late fourteenth century, the iron production industry experienced an 
econom ic boom associated with growing inflation o f  bar iron prices. Some 27 historical 
accounts record the names o f  different masters, the rents they paid, and in some 
instances how they responded to social crisis (Smith 1995). W hile several ironworking 
sites dating to the late middle ages have been identified through survey, only a few have 
been archaeologically tested. The largest, Llwyn Du, was operated by sophisticated, 
well organised, and innovative ironworkers. The technology was highly efficient, and 
there is at least some evidence to suggest more than one kind o f  bloomery product was 
produced.
All three sites provide rich archaeom etallurgical data sets in the form o f  furnace 
rem ains, ore, and m ost importantly, slag. Properly studied, these artefacts can yield a 
wealth o f  information for defining and explaining bloomery technology as a functional 
engineering system. But it can also provide a w indow for observing variation in 
environm entally shaped behaviours that were learned and practiced in changing 
socioeconom ic contexts. Slag, like any other kind o f  artefact, m akes some aspect o f 
past hum an behaviour accessible. Craw cw ellt W est and Bryn y Castell, com bined, 
account for roughly 500 years o f  sem i-continuous bloom ery sm elting. These sites offer 
a rare glim pse o f  bloom ery technology on a relatively large tim e scale. Llwyn Du was 
relatively short-lived (c. 50 years) in com parison, but its w orkers generated some thirty
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tim es as much slag. This provides an opportunity to investigate finer grained 
technological processes from a more intensive industry com peting w ithin what was an 
exceptionally turbulent period o f  history.
Building Evolutionary Hypotheses for Ironworking
The purpose o f  this thesis is to characterise and explain variation in smelting 
slag as a consequence o f  geology, cultural transm ission, and socioeconom ic influence. 
Follow ing a growing school o f  research dedicated to understanding the evolutionary 
dynam ics o f  cultural transm ission (e.g., Aunger 2002; Boyd and Richerson 1985; 
Dunnell 1980; Durham  1990; N eff 1993; O ’Brien and Lyman 2000; Shennan 2002b;) 
and technology (Allen 1996, Dom inguez 2002, Fitzhugh 2001; Hughes 1998; N eff 
1995; O ’Brien et al. 1994; Ugan et al.2003; Ziman 2000), this project em ploys models 
derived from neo-D arw inian evolutionary theory to identify technological lineages in 
slag chem istry and explain them  in term s o f  selection, drift, and learning constraints. 
This is the only theoretical fram ework purposely designed to explain diversity and 
change in term s o f  variation, transm ission, and variant perform ance in a world with 
consequences. As shown in the pages that follow, this fram ew ork illum inates how early 
ironworkers explored the space o f  technological possibility and offers testable 
hypotheses for why they did so. The results have im portant im plications not only for 
the way in which ironworkers practiced their craft, but also the socioeconom ic 
institutions they practiced it in.
Building evolutionary explanations for ironw orking requires a system atic 
fram ew ork for clearly identifying the phenom ena o f  interest and the processes that 
shaped them . But why use a fram ew ork rooted in evolutionary culture theory instead o f  
one o f  the m ore established approaches to technology? To answ er this, Chapter 2 
provides a working definition for technology and related concepts. The goals o f
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technology studies are explored and problem s brought into focus with a discussion o f 
system atics and unit construction. Com m only adopted investigative fram ew orks are 
reviewed and evaluated in term s o f  their goals, the units they employ and basic 
requirem ents for a testable scientific study o f  technology.
C hapter 3 goes on to explain the basic tenets o f  neo-D arw inian evolutionary 
theory and its expansion into sociocultural dom ains. D ifferences in approaches are 
highlighted and an attem pt made to synthesise them  into a com m on fram ew ork. A 
sum m ary o f  evolutionary approaches to technology is then offered as a com parison to 
the more popular m ethods discussed in Chapter 2.
Applying evolutionary concepts to ancient ironw orking requires knowledge o f 
m etallurgical processes and an awareness o f  where variability can arise. Chapter 4 
outlines some o f  the basic principles o f  bloomery iron sm elting and subsequent refining 
stages (sm ithing). Putting these principles to use, C hapter 5 builds a system atic 
structure for identifying and explaining patterns o f  variation in slag chemistry. M odels 
are constructed to correctly sort sm ithing from sm elting slag and for identifying residues 
derived from distinct parent m aterials. M ethods are developed for defining iron 
production lineages and explaining the same in term s o f  adaptation and biased 
transm ission. Each model is evaluated with slag from experim ental iron production 
cycles and previously published data.
Craw cw ellt W est, Bryn y Castell, and Llwyn Du are form ally introduced in 
Chapter 6. The evidence for ironworking is sum m arised and its broader significance 
discussed. Chapters 7, 8, and 9 discuss analyses o f  ironw orking residues collected from 
each site and use the data to construct site specific evolutionary histories o f  iron 
production. Variables from the m odels presented in C hapter 5 are replaced with data 
from each site, resulting in a hypothetical evolutionary history. Because Llwyn Du
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belongs to the historic period, econom ic history data from m edieval England is 
exploited to shed additional light on m arket environm ent o f  the time.
Finally, Chapter 10 sum m arises results for Craw cw ellt W est, Bryn y Castell and 
Llwyn Du and provides a final com parison o f  the slag, ore and clay derived from each. 
D ifferences in slag chem istry prevented any attem pt to link the prehistoric sites into a 
single technological tradition. At present, this problem  can only be resolved with more 
traditional archaeological evidence. Problems related to slag corrosion, faulty 
environm ental reconstructions, and the models them selves are discussed. This chapter 
concludes the thesis with an evaluation o f  evolutionary theory’s usefulness for 
explaining variation and change in technology.
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C hapter 2:
Approaching Technology
Technology has long been a concern for students o f human culture, even if it has 
not always been a central focus o f  research (Pfaffenberger 1992). Nineteenth century 
archaeologists such as A. H. Lane Fox Pitt-Rivers (1875; 1906) and John Lubbock 
(1900) used formal changes in tools to build evolutionary sequences o f technology 
ranging from simple to complex (see Figure 2.1). Progressive theories o f  cultural
Figure 2.1: A. H. Lane Fox Pitt-Rivers’ model for the evolution of Australian weaponry 
originating from a simple stick (Pitt-Rivers 1906).
evolution, like that o f Lewis Henry Morgan (1877), used technological modes as criteria
for defining stages o f human social development and offered suitable justification for
conceiving change in these terms. Leslie White (1943) would later argue that
technological change was not only a hallmark o f progressive cultural evolution, but was
its cause. V. Gordon Childe (1931; 1944) was much less assumptive in his evolutionary
------------ T
s
i
24
m echanism s, arguing on empirical grounds that technology evolved in varied ways 
according to unique ecological and social environm ents. Underpinned by a M arxist 
ontology, this stance led Childe to postulate relationships betw een technology, em ergent 
science, social classes, and socio-technological change (W ailes 1996). Cultural 
ecologists like Julian Steward (1949; 1955) shared C hilde’s m ultilineal evolutionary 
perspective, highlighting the causal interconnectedness betw een technologies and 
specified socio-ecological contexts. Technology was considered by both fram ew orks to 
be as much a product o f  diffusion as it was a process o f  ecological adaptation. Others, 
including A. F. C. W allace (1972), were intrigued by the specific role o f  technology in 
sociocultural change. These scholars preferred to exam ine the social, ideological, and 
econom ic processes involved in the diffusion o f  innovations. O ther schools adopted the 
study o f  technological system s as a platform for understanding human cognition and 
problem -solving behaviour (Dougherty and Keller 1982; Keller and Keller 1996, 
Renfrew and Zubrow 1994). All the while, purely functional studies o f  technology also 
continued to linger in the background— exam ining the engineering skills o f  ancient and 
non-W estern craft specialists (e.g., Coghlan 1975; Root 1949; Tylecote 1962) or just 
trying to m ake sense o f  the archaeological record (e.g., Cleere 1971; Crew 1991; 
Cushing 1894).
The treatm ent o f  technology as a distinct set o f  sociocultural phenom enon seems 
to have em erged only in the last forty years, signalled perhaps by the publication o f 
Material Culture: Styles, Organization, and Dynamics o f  Technology (Lechtm an and 
M errill 1977). The primary em phasis with this line o f  research lay with explaining 
technological diversity in its own right, usually by interpreting the intentions o f  an 
artefact’s maker. Rather than seeking technology’s role in society, researchers look for 
the reflection o f  society and culture in technological system s. Approaches are varied 
and include such theoretical constructs as technological style (e.g., Lechtm an 1977) and
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technological choice (e.g., Lem onnier 1993). Killick (2004) has suggested the term 
‘social constructionist’ approaches to technology, em phasising a m entalist perspective 
borrowed from the hum anities. Concerns with engineering design, socioeconom ic 
structure, and change are still evident and the refocused attention has done m uch to 
illuminate hitherto unnoticed constraints on technological style, function, and evolution. 
This m ovem ent has also done m uch to press those social scientists with more holistic 
theoretical concerns to closely exam ine the role o f  technology in the societies they 
study.
This chapter reviews some o f  the ways archaeologists currently approach 
technological problem s, especially those related to m etallurgy. The different 
investigative program m es share many com m on features and regularly yield sim ilar 
results. However, they also tend to generate explanations written in com m onsense 
interpretive language that is unsuitable for a scientific understanding o f  technology. 
The review begins with the definition o f  general concepts and term s related to the study 
o f  technology. Term inology and m eanings are quite varied in the literature, often 
reflecting individual research interests. The definitions and concepts presented here 
server to frame the context o f  discussion and will be retained throughout the thesis.
Defining Technology
Technology is a com m onsense term that has proven notoriously difficult to pin 
down with academ ic definitions. According to the first definition in Merriam-Webster's 
Collegiate Dictionary, 11th Edition, technology is “ the practical application o f  
knowledge especially in a particular area” . This definition could ju st as well be applied 
to a football m anager’s choice o f  players in a match, but few would say this is 
technology. O ther definitions are equally vague, often reducing to a mere synonym  for 
artefacts or culture. It is therefore necessary to introduce a vocabulary o f  key term s and
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concepts, many o f  which have varied m eaning in the literature.
In general usage, technology refers to some loose com bination o f  knowledge, 
m aterials, and energy put into the m anufacture and use o f  tools. Ben Fitzhugh (2001, 
128) has form alised this definition into “the dep loym en t...o f too Is... to ward some 
end ...accord ing  to learned m ethods” , draw ing special attention to four key attributes—  
practical/perform ance; m aterial; purposive; and inform ational. The inform ation content 
o f  technology refers to the knowledge o f  how to make or do som ething as dissem inated 
from teacher to learner, or acquired through experience. The practical attribute o f  
technology refers to the actual act o f  m aking or using tools (the material or physical 
constituent). The purposive elem ent reinforces the notion that acts o f  making and using 
tools must be goal-directed to be considered technological. W hile Fitzhugh’s definition 
is a great im provem ent, it gives significantly more weight to the perform ance aspect.
Here, the more comm on conceptual m eaning o f  technology is retained when 
discussing the general field o f investigation (i.e. relating to the holistic study o f  artefact 
production system s and tool use). A formal definition is required, however, for the 
exam ination o f  specific problem s. For this latter purpose, technology is defined as the 
network o f  ideas or knowledge required to intentionally produce artefacts through the 
m anipulation o f  m atter and energy.
Techniques replace the variables in a technology model (or strategy set) with 
em pirically derived values. They comprise the actual m anipulation o f  physical and 
energetic com ponents into a dynam ic production system . Lem onnier (1993, 3; 
em phasis added) sim ilarly suggests that techniques are “ ...the physical rendering o f 
mental schem as learned through tradition and concerned with how things work, are to 
be made, and to be used.” It is im portant to recognise the cognitive interplay between 
techniques and technologies. Every action undertaken by an individual in m aking 
technological schem ata tangible also serves as a platform  o f  experiential learning.
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Given a sufficient num ber o f  successful trials, the im plem entation o f 
technologies can be m entally stored as a set o f  procedures, or recipes. Recipes are 
schem ata m ade up o f  standardised com binations o f  techniques used for the production 
o f  frequently made artefacts. As such, they are reflections o f  knowledge, skill, and the 
specific products being made (Keller and Keller 1996, 81-83). M ost recipes consist o f  a 
series o f  steps— transform ative units o f  activity that represent the imm ediate goals o f  a 
sequence o f  techniques in a recipe (Keller and Keller 1996, 90). This does not imply 
that recipes are necessarily unilinear in construct. Rather, m uch like a com puter 
program , they may be crafted to deal with varied stimuli in diverse ways and 
incorporate num erous repetitive steps. Recipes are distinct from technological 
strategies, or umbrella plans (Keller and Keller 1996, 89-90), which refer to outlined 
sequences o f  stages leading to final goals. Strategies are often produced in response to 
an assigned task for which no recipe is known or exists. A task is the intended goal or 
orientation o f  an end-directed process (Dougherty and Keller 1982, 766; Keller and 
Keller 1996, 89).
The distinction made between the concepts technology and recipe is not trivial, 
and has im portant im plications for studies o f  production variability. Technology refers 
to the knowledge o f  necessary and sufficient properties and processes to produce 
som ething, whereas recipes relate to the knowledge o f  particular configurations o f 
actions and m aterials that produce something. It is com pletely plausible for individuals 
to follow  recipes without having any knowledge o f  the technology from which they 
derive. In other words, a recipe can be easily im itated but technology requires 
understanding.
Technological Constellations are “the resultant configuration o f ideas, 
implem ents and m aterials,” sufficient to accom plish a given task (K eller and Keller 
1996, 90-91). They are perhaps best perceived as a netw ork connecting goal-oriented
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technological intentions with their immediate environm ent. As such, constellations 
represent the vital link between knowledge, skill, and raw m aterials necessary to 
produce artefacts. They also serve as the principal social learning and experim ental 
environm ents for reproducing technology and techniques. The specific elem ents 
m aking up a constellation will necessarily constrain the products em anating from it.
The diffusion o f  technology— the direct or indirect transm ission o f  technological 
knowledge and recipes through and between populations— can occur without 
constellations, though full indoctrination o f  individuals is usually possible only with 
em pirical dem onstration and practice. Transm ission in the absence o f  constellations, 
what may be term ed indirect transmission , often leads to novel recipes for highly 
sim ilar form s (e.g. Petrequin 1993, 46-51). O ther sources o f  novelty include incomplete 
transm ission, the accum ulation o f  random transm ission errors, and invention. 
Invention—the intentional creation o f  new technologies— is the most widely heralded 
source o f  technological novelty and is likely to correspond with fluctuations in the cost- 
benefit structure o f  socioeconom ic contexts. The costs o f  inventive behaviour are 
generally low in term s o f  material requirem ents— no constellation is strictly required—  
but often high in term s o f  time that could be spent doing som ething that yields more 
practical and predictable results. Experim enting with, testing, and applying new ideas—  
innovation (Fitzhugh 2001, 128)— requires a constellation by definition and often goes 
hand in hand with invention.
Note that, except for the explicit concern with tools and the production o f 
artefacts, there is no real fundam ental difference betw een technological processes and 
those o f  culture in general. Indeed, the same term s are often used to describe other kinds 
o f  social behaviour.
Technology, techniques, recipes, and, to some extent, the prearrangem ent o f 
constellations are all learned and im plem ented within and as a part o f  an environm ent
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containing social, econom ic, and natural com ponents. This environm ent has a profound 
influence on the organisation o f  whole technological sectors as well as individual 
enterprises. Social structures, institutions, and norm s act to constrain access to 
knowledge, determ ine how knowledge is dissem inated, and restrict the kinds o f 
knowledge and behaviour that are perm itted or acceptable. The structure o f  individual 
and group level costs and benefits determ ine the am ount o f  tim e, labour, and resources 
that can be devoted to particular technological endeavours. And finally, much o f  the 
innovative behaviour observed in the historical, ethnographic, and archaeological 
records is an adaptive response for exploiting specific geological and ecological niches. 
The construction and operation o f  a technological system  usually requires some degree 
o f  com prom ise in design in order to accom m odate these different environm ental 
param eters and hum an goals. This has direct im plications for the study o f  engineering- 
design and perform ance (Schiffer 2000, 2005; Bright et al. 2002), strategies for making 
a living (N eff 1995; Shennan 1999), and the distribution o f  technological characters 
(D om inguez 2002; Ugan et al. 2003).
Teaching strategies are also affected by technological trade-offs. The quantity 
o f  tim e and resources that are spent teaching, as well as the mode o f  instruction is a 
function o f  individual and group cost/benefit ratios (see Shennan and Steele 1999). The 
society, institution, or individual takes up the costs o f  tim e and resources spent teaching 
a technology and the opportunity costs o f  having taught it to a more efficient set o f 
learners, but benefits if the taught behaviour reduces future investm ents in the learner 
(Shennan and Steele 1999, 368-369). The student or apprentice must also take up the 
cost o f  tim e spent learning and the risk o f  acquiring a m aladaptive behaviour, but 
benefits if  the newly acquired knowledge and skill increases the likelihood o f  future 
success (Shennan and Steele 1999, 368). The decisions made on teaching investiture 
can result in a variety o f  instruction modes, each o f  which is associated with biasing
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influences, especially o f  innovation rates (Bettinger and Eerkens 1999, 235-238; 
Henrich 2001). Thus, any changes in teaching strategy have direct bearing on the future 
structure o f  technological systems. Population size and structure are particularly 
im portant to the social learning environm ent (Henrich 2004; Shennan 2000, 2001). 
They determ ine the num ber and ratio o f  potential teachers and learners and the 
frequency o f  inform ation sharing. These two param eters have a considerable biasing 
effect on the rate o f  innovation.
O f course, technology also has a powerful role in biasing changes to its 
environm ent as well. Technology is viewed here as only a subset o f  culture, 
distinguished loosely and som ewhat arbitrarily by its role in generating material rather 
than purely symbolic culture. Not every technologist agrees, however, causing the role 
o f  technology in social, cultural, and econom ic system s to be a significant point o f  
contention. In some discussions technology is presented as a cause o f  socio-cultural 
patterns (Pfaffenberger 1982), while in others technology is seen as a socio-cultural 
effect (Lechtm an 1977). Such disparate views belie what seem s to be a more 
fundam ental issue— that any new variant in a socio-cultural network must, by 
definition, alter that netw ork’s structure. The entire netw ork and its associated 
properties become disrupted regardless o f  where the innovation occurs (technology, 
religion, political organisation, economy, etc.) and behaviour in all sectors is adjusted 
until the system  reaches a new quasi-stable state. The degree o f  destabilisation is a 
function o f  the innovation and the existing structure. Such ideas are not new, and useful 
em pirical exam ples may be found in W allace’s (1972) synoptic accounts o f  American 
and British industrialisation.
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Analytical Units
Arm ed with suitable term s for describing the field o f  observation, the next step 
in technology studies concerns the identification o f  specific problem s and the selection 
or construction o f  appropriate m ethods to solve them. The archaeological record holds 
only the static rem nants o f  human activity, from which a dynam ic and changing past is 
to be inferred and explained. Inference o f  this kind m ust be founded on uniform itarian 
principles and an understanding o f  the relevant properties and processes involved. 
Regardless o f  how one chooses to build explanations for technology, appropriate scales 
and units o f  analysis must be identified. Scale refers to the level o f  inclusiveness at 
which a given m anifestation is to be investigated (O ’Brien and Lyman 2000, 192). 
Historical analyses o f  technology can easily be rendered in m ultiple scales with respect 
to time and space, with different patterns observable at each. This often dictates the use 
o f  very different analytical units and m odels to adequately explain them.
System atics is concerned with the logical construction o f  units for some 
specified purpose (O ’Brien and Lyman 2000, 18). The result is usually a classification 
intended to structure empirical observations in an appropriate m anner for testing 
theoretically derived inferences. There is no one natural or ideal classification that is 
appropriate for investigating every aspect o f  observed phenomena. A pottery 
classification defined by surface decorations is probably inappropriate for a study o f  the 
heat transfer properties o f  different ceramic pastes. Significata, or the necessary and 
sufficient conditions for class m em bership (Dunnell 1971), are determ ined strictly by 
their relevance for describing the attributes o f  phenom ena according to some model 
(even if  the model is only implicitly defined). Denotata com prise the empirical 
specim ens that are identified to a class.
It is important to note, however, that phenom ena in a m aterialist universe have 
both ahistorical and historical properties, and sound analogical reasoning depends on
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knowing which kinds o f  properties are relevant to individual problem s. Palaeontologist 
George Gaylord Simpson (1963, 24-25) succinctly articulated the differences:
The unchanging properties o f matter and energy and the likewise unchanging 
processes and principles arising therefrom are immanent in the material 
universe. They are non-historical, even though they occur and act in the 
course o f history. The actual state o f the universe or any part o f it at a given 
time, its configuration, is not immanent and is constantly changing. It is 
contingent. . .or configurational...History may be defined as configurational 
change through time.
Full explanation o f  any phenom enon requires consideration o f  both imm anent and 
configurational properties and the m aintenance o f  their distinction is crucial. The 
engineering param eters o f  technological constellations may be inferred through analysis 
o f  physical, chem ical, and mechanical properties o f  artefacts. These represent the 
system ’s im m anent properties. Stating the causes that lay behind the structure o f  the 
technological system, the space-time distribution o f  its constellations, and its 
relationship to other socioeconomic and symbolic system s is configurational. While 
many subjects lend them selves more to one kind o f  explanation than another, 
technological system s necessitate equal attention to both. They are, after all, organised 
configurations o f  m atter and energy that dynam ically interact and yield immanent 
results. Conflating immanent and configurational properties leads to a flawed 
application o f  uniform itarian logic and the construction o f  false analogies (W olverton 
and Lyman 2000, 237-241). Only immanent properties can provide reliable keys to the 
past.
Consider the standard model o f  iron sm elting technology. Iron metal is an 
im m anent product o f  introducing iron oxide to a reducing atm osphere at tem peratures in 
excess o f  1100 °C. However, constellations for sm elting iron are configurational, 
contingent on available natural resources, furnace design, and the ironm asters’ recipe 
and techniques. It is possible to infer the physico-chem ical workings that had to occur 
for a successful smelt to take place, or perhaps identify them from a single experiment. 
However, it would be a great error to conclude that the same recipe followed in an
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experim ent was that followed in every other successful smelt. Unfortunately, confusion 
o f  this kind is all too com m on in archaeological and anthropological studies o f  metal 
production.
Explaining Technology
How technological questions are approached is at least as im portant as the 
answers they provide. The investigative fram ew orks em ployed to understand a 
technology must render logically falsifiable explanations. W ithout this stipulation, it is 
impossible to em pirically establish the correctness o f  one explanation over another. 
Explanations o f  technological system s rendered in term s o f  engineering properties 
alm ost alw ays lend them selves to empirical testing. Inferences about a system ’s 
behaviour rest on the well-established laws o f  physics, chem istry, and therm odynam ics. 
These laws are im m anent and do not change, m aking falsification a relatively simple 
matter. The same is not true for explanations presented in term s o f  a system ’s culture 
historical properties. These are configurational, highly subject to change, and no laws 
exist save that o f  contingency. Here, many different com peting paradigms vie for 
dom inance, all trying to make sense o f  the com plexity. Some claim  to be scientific; 
others reject science in its entirety. The result has been a plethora o f  em ergent schools 
tasking them selves with, among other things, the com plete explanation o f  technological 
systems. These include traditional culture history, cultural ecology, technological style, 
technological choice, behavioural archaeology, progressive evolutionary theory, agency, 
and neo-D arw inian evolutionary theory. While they all share the same theoretical 
goals— explaining the relationships between a technological system ’s engineering and 
organisation, its ecological setting, and its history— how they achieve them  is quite 
varied.
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Culture History
Culture historical approaches include those studies that em phasise the 
inductively recognised patterns o f  particular technological m anifestations. C hief 
analytical concerns usually relate to building engineering explanations for technological 
system s and chronicling their history. For this latter goal, culture historians impart great 
effort in constructing typologies and m onitoring type distributions. The developm ent o f  
a coherent m ethodological fram ew ork for studying and analyzing variability in this way
has been essential to culture-history’s successes. Unfortunately, the explanatory effort
is handled with less rigour; com m onsense m echanism s are simply injected to fit the 
evidence. Culture history may be best characterised as a trial and error process that, 
while often yielding plausible and probably accurate accounts, are strictly untestable 
within their own term s. The correctness o f  a conclusion is determ ined by consensus, 
judged prim arily in term s o f its fit with previous findings, and its au thor’s experience 
and credentials.
P leiner’s (2000) work Iron in Archaeology: The European Bloomery Smelters 
exem plifies the basic cultural historical fram ework for explaining metal production. It 
em phasises variation in term s o f furnace types, and sm elting traditions, but fails to 
explain why the diversity o f  types and traditions exists in the first place.
The early history of iron in Europe shows how it was gradually adopted and 
assimilated into the material culture over some ten to twelve centuries until it 
became, in the fullest sense, the base for a fully-fledged material technology.
The process gathered pace in the 8th century BC, then in the 5-4,h centuries 
BC, and again at the end of the 2nd Century BC, by which date, the period of 
the Celtic oppida, a fully-developed iron-using civilization can be observed 
for the first time. The specific environment and historical development in 
Europe provided the right conditions for iron metallurgy to evolve very 
quickly, in an unusual if not unique way, stimulated both by fruitful
influences from the south and by the creative potential o f the Celtic and other
folks. As a result, the technology had a profound effect on economic and 
social structures [Pleiner 2000, 34-35].
W hile not wishing to suggest that anything is necessarily wrong with this summ ary 
account, or the other evidence provided by Pleiner (2000, 23-34) in justifying it, one is 
still left w ondering about causal m echanism s o f  change, culture-specific patterns, and
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the true nature o f  iron technology 's impact on socioeconom ic structures. Such things 
cannot simply be assum ed away and treated as obvious— at least not if  one is interested 
in both how and why (or how possibly) these patterns came to exist, not ju st when. 
Even anthropological and ethnohistorical discussion o f  m etalw orking in Africa, where 
data are m ore easily acquired, often provide only general descriptive chronicles w ithout 
discussion or detailed analyses o f  relevant processes (e.g., Kusim ba 1996; N eaher 
1979).
Progressive Evolution
Recognising the need to invoke general processes to explain the patterns o f  
metal production across the globe, many researchers adopt progressive theories o f  
cultural evolution. Here, cultural and technological changes are assum ed to be directed, 
usually through a series o f  stages, toward states o f  increasing com plexity (Carneiro 
1996, 272). Inventions and innovations are introduced and rem oved from the cultural 
m ilieu through natural selection, drift, and human intent (Service 1968, 226; W hite 
1943). The role o f  human intent in cultural evolutionary accounts is typically 
oversim plified, implying that people vitalistically take-up, modify, or create behaviours 
to meet their needs or improve their lives because o f  subtle internal urges. This leads to 
the unsubstantiated and tautological claim that ‘hum an culture changes because humans 
change their cu lture’. Such intentions also bespeak o f  teleology, or final cause, and 
therefore rem ain em pirically untestable.
This should not be read to imply that hum ans do not have goals or intentions, 
certainly we do. But from a scientific perspective, intentionality takes a much less 
supernatural character. M ayr (1961) provides a useful discussion and set o f  term s for 
thinking about seem ingly teleological behaviour and kinds o f  causation in historical 
phenomena. All human behaviour is in some sense purposeful because it has been
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program m ed that way. Genetic and cultural program s, like that o f  a com puter, generate 
responses to stim uli, but the processes that created the program s do not them selves act 
purposively. Intentionality, defined as a behavioural program , biases action only on a 
proxim ate, highly localised individual level. Consider for exam ple the ways in which 
m em bers o f  western society acquire food. An individual may decide to go to a grocery 
store to buy bread, vegetables, meat, laundry detergent, or wine, for any o f  a num ber o f  
reasons peculiar to that individual’s goals on that particular day. Those reasons explain 
the proxim ate behaviour o f  the individual. However, they do not explain why a certain 
portion o f  western society decides to go to grocery stores to buy such things as bread, 
vegetables, meat, laundry detergent or wine rather than producing it for them selves. 
This latter problem  requires an ultimate or historically founded population-level 
explanation. The variation produced by individual intentions may have profound effects 
on the history o f  culture change, especially technology, but are easily masked if the 
actions o f  the individual are assumed to be those o f  the population, and vice versa.
Progressive evolutionary accounts have a long history in the study o f  
m etallurgical technology. Coghlan (1975, 122), for one, remarked:
Today we of course realize that the metals constitute a most important item in 
the material culture of a people, prehistoric or otherwise; and it is certain that, 
truly to assess their cultural level, we cannot afford to neglect their advance, 
or degeneration, in the metallurgical field.
The approach is simple: analyze the technological rem ains o f  a society from various 
points in its history; give them universal perform ance values; and show how the society 
evolved or devolved. Results can then be extrapolated, further generalised, and 
extended to account for the technological evolution o f  all societies. W ertime (1964; 
1973) and Liritzis (1996) used such an approach to construct sequences o f  developm ent 
in copper m etallurgy (see Table 2.1). It would be wrong to conclude, however, that all 
progressive evolutionary schem es were unilineal. Childe (1944, 9-10) argued for the 
use o f  w hat he term ed m odes o f  technology, whose individual sequences varied greatly
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from region to region. W hile these modes still progressed from sim ple to complex, 
their specific trajectories were specific adaptations to social organisation and 
environm ental circum stance.
T ab le  2.1: The evolutionary stages of copper metallurgy as defined by Wertime (1964, 1260-
1261; 1973, 879) and Liritzis (1996, 141-154).___________________________________________
Wertime’s Evolutionary Stages of Liritzis' Evolutionary Stages of
Copper Metallurgy________________Copper Metallurgy
1. Cold-w orking native copper (Cu) 1. Cold-w orking native Cu
2. A nnealing native Cu 2. Annealing native Cu
3. Puddle-casting native Cu 3. Puddle-casting native Cu
4. Open m old-casting native Cu 4. Sm elting Cu ore
5. A lloying arsenic (As) with Cu
6. Alloying tin (Sn) with C u—bronze
7. Sm elting Cu from sulfide ores
One attem pt to retool the progressive model o f  technological change is that o f 
Bernard and Pelto (1987b). Rather than adopting the view that innovations em erge as a 
desire o f  human beings to improve their conditions (as in teleological m odels), Bernard 
and Pelto (1987b, 363) argue that all innovations are “essentially random events’'. The 
m echanism s responsible for change are founded on hum an psychological drives. The 
model proposed for technological change is unilineal and consists o f  5 stages: (1) the 
introduction o f  a new technology; (2) a “behavior change to fit the new technology” ; (3) 
“cognitive dissonance between new behavior and cultural ideas” ; (4) a shift o f  cultural 
ideas toward consonance; and (5) cultural change (Bernard and Pelto 1987b, 364). 
Technological change, in their view, is always unidirectional (Bernard and Pelto 1987b, 
365). Cultural variation in technology is “treated as random  noise” (Bernard and Pelto 
1987b, 363).
Progressive evolutionary studies o f  technology are concerned with both 
knowledge system s and recipes. However, only the im m anent properties o f 
technologies and techniques are explored in detail using m ethods borrowed from the
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physical sciences and engineering. This is certainly necessary for functional studies o f 
technology in order to determ ine how such system s worked, what was produced, or how 
a tool was used. But change in technology requires that its configuration be altered, as 
well. Technological configurations, while often described, are generally relegated as 
noise. Though a great deal has been learned about engineering requirem ents o f various 
technological system s (e.g., Tylecote 1962), change was only expressed as chronicles o f  
im portant technological events (e.g. Aitchison 1960).
Technological Style
Evolutionary stages o f  technology are often called into question when societies, 
especially those found in sub-Saharan Africa and Andean South Am erica, fail to render 
evidence o f  orderly progressions through the required series o f stages (Lechtman 
1979). Heather Lechtman (1977) proposed the concept o f  technological style to 
address this issue and developed a new fram ew ork for investigating technological 
systems. Technological style seeks to explain m anufacturing activities in relation to 
their cultural context (Lechtman 1977; Lechtman and Steinberg 1979). W hile not 
rejecting the concept o f  technological progression outright (Lechtm an 1979, 24), 
adherents to technological style suggest that various other cultural spheres play an 
important causal role in explaining the variation observed in production system s across 
space-tim e. They become a kind o f constraint in addition to those imparted by material 
resources, function, economy, and history. Stylistic attributes in technology are 
thought to com m unicate aspects o f  ethnicity and society that have become, often 
intentionally, em bedded in craft production (Childs 1991, 332-33). All o f  these aspects 
are dem onstrated in C hilds’ (1991) study o f  M aShona iron smelting, where m aster iron 
sm elters used furnaces to express concerns with fertility, kinship, and gain 
socioeconom ic success.
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Lechtman and Steinberg (1979, 141-142) suggest that the study o f  technology 
proceeds at two scales: (1) general historical developm ents; and (2) specific cultural 
m anifestations. However, m acro-scale changes are explained as cum ulative effects o f 
proxim ate level events (Lechtman and Steinberg 1979, 145). Their argum ent stems 
from the observation that the use o f  technology to characterise particular time periods or 
evolutionary sequences is internally inconsistent (Lechtm an and Steinberg 1979, 142- 
143). Term s such as Bronze Age and Iron Age have limited m eaning when their 
defining technologies occur in both periods (Lechtm an and Steinberg 1979, 142-143). 
Lechtm an and Steinberg (1979, 144) also argue that m ajor changes in culture should not 
be exam ined in term s o f  technological shifts alone, but in term s o f  the web o f 
relationships existing between different technologies and other cultural dom ains. In so 
doing, they have shifted the focus o f  explaining cultural evolution as a consequence o f 
technology, to explaining technological evolution as a consequence o f  culture.
Finally, in outlining strategies for research, Lechtm an and Steinberg (1979, 145- 
153) suggest that technology should be analyzed from six perspectives: 1) single
technologies in single culture areas; 2) relationships between different technologies in a 
single culture area; 3) transm ission or diffusion o f  technology; 4) cross-cultural 
com parisons; 5) ethnographic parallels; and 6) the role o f  individuals. All depend to 
some extent on engineering analyses, as the functional analysis o f  artefacts is the only 
way to infer the technology that produced them (Lechtm an and Steinberg 1979, 140). 
Unfortunately, little else is offered in term s o f  how these approaches are to be carried 
out. It is difficult to see how the concept o f  technological style really differs from 
standard culture-historical practices, being largely descriptive, and com m onsensical 
(even if  fram ed in the com m onsense o f  an alien society).
A more pressing problem for archaeologists adhering to technological style is 
their seem ing need to imbue ancient technology with ritual meaning. For the
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prehistorian, it is questionable whether or not, or to what degree, information like that 
Childs obtained from her consultants and ethno-historic accounts can be accessed or 
tested in the archaeological record. Ethnographic exam ples o f  ironm aking are 
brim m ing with ritual and magic, and certainly there is no reason to conclude that 
prehistoric sm elters did not conduct ritual, m agical, or religious acts in their 
cam paigns. Indeed, it may even be possible to trace some ritual forms from the 
ethnographic present into the deep past via the direct historical approach (Schm idt and 
M apunda 1997). Childs (1991, 353) goes further, asserting that ethnographic exam ples 
o f  iron sm elting can inform archaeological interpretations on the symbolic nature o f  
furnace design. This suggests that such aspects as world view are imm anent and 
incapable o f  changing. Yet both ideologies and technologies are known to be 
configurational, changing continuously across space-tim e. Schm idt and M apunda 
(1997) sim ilarly argue that ritual artefacts cited in ethnographic accounts o f 
ironworking share ideological continuity with sim ilar artefacts found in the 
archaeological record. This confuses imm anent and configurational properties, 
effectively denying the possibility for the m eaning o f  a particular form to change. In 
truth, technological stylists do implicitly acknowledge the separate action o f  imm anent 
and configurational properties, but they generally fail to m aintain the distinction in 
analogical reasoning. To borrow a quote:
We must ever be on guard against that peculiar paradox in anthropology 
which permits men to ‘trace’ a ‘complex’ of, let us say, physical type, pottery 
type, and religion over 10,000 miles o f terrain and down through 10,000 
years o f history while in the same breath, or in the next lecture, the same men 
vigorously defend the theory of continuous change. [Brew 1946, 65]
Technological Choice
Closely aligned with technological style, though perhaps more functionally 
oriented, is the concept o f  technological choice. Technological choice explains 
technological variation within specified socio-ecological environm ents as the result o f
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com plex interactions between techniques, tools, functional goals, and decisions made 
between functional equivalents (Lem onnier 1993, 3). The agents o f  choice may be 
individuals or groups depending on the scale o f  analysis (Sillar and Tite 2000, 9). 
Technological choice differs from technological style in two important ways: 1)
technology is considered to be an aspect o f  culture— not a consequence o f  it; and 2) 
cultural sym bolism  in technology is deem phasised in preference to acknowledging 
em bedded cultural sim ilarities between phenom ena in the same social network.
E hrenreich’s (1985) study o f  British Iron Age tools provides an especially 
notew orthy exam ple o f  the technological choice approach to technology. Attem pting to 
ascertain the knowledge possessed by blacksm iths, Ehrenreich found that both carbon 
and phosphorous had been exploited as hardening agents in bloomery iron. Based on 
the distribution o f  these techniques in space-time and across artefact forms, he 
suggested that the process o f carburisation was most likely known only to a few 
smithing fam ilies or that smiths simply selected the harder unintentionally carburised 
blooms for the production o f  particular items (Ehrenreich 1986, 75). Phosphoritic iron, 
however, was relatively rare in early periods and extensively used in later times 
(Ehrenreich 1985, 82). Thus, the use o f  carbon or phosphorous to harden iron was 
viewed as a choice between rough equivalents, and likely reflected different aspects o f  
knowledge and cultural transmission.
Unfortunately, Ehrenreich does little more than interpret the patterns he 
recognised without providing any means o f  testing his conclusions. The same is true o f  
m ost other studies that take a technological choice approach. This is not to suggest that 
the conclusions are overtly wrong, poorly rendered, or o f no academ ic value, but rather 
that they produce only a kind o f  plausible just-so story with no more credibility than any 
other story designed to accom m odate the basic set o f  facts. Technological choice has 
also failed to produce a coherent m ethodological fram ew ork for conducting
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investigations, at least one that is any different than those o f  cultural historians.
Technology Life Histories
M ike Schiffer (1996; 2000; 2002; 2004; 2005a; 2005b) and colleagues (e.g., 
Schiffer and Skibo 1987; 1997; Schiffer et al. 1999) promote what they call a life 
history approach to the study o f  technological change. This approach is grounded in the 
principles o f  behavioural archaeology (Schiffer 2000, 80), which “ ...seek[s] to explain 
variability and change in human behaviour by em phasising the study o f  relationships 
between people and their artifacts,’'’ (Schiffer 1996, 644). Behavioralists have 
constructed a series o f  methods to illuminate the interactions that exist between 
individuals, artefacts, and the environm ent (how ever construed) (Schiffer 1996, 645; 
Schiffer and Skibo 1997). The primary goal is to then derive general laws from the 
em pirical identification o f  behaviour and the establishm ent o f  new social theories 
(Schiffer 1996, 645-646; see criticism s in O ’Brien and Holland 1995a). The key to 
behavioural theory is the com pilation o f  explicit historical relationships between people 
and artefacts (Schiffer 2000, 80) as opposed to so-called indigenous theories that consist 
o f  invented causes from culturally acquired knowledge o f  how the world works. The 
m ethodological fram ew ork explicitly operates at the proxim ate scale; exam ining highly 
contextualised exam ples o f  technological system s (Schiffer 2002; 2005b; Schiffer and 
Skibo 1997).
The life history fram ework organises technological activities into a series o f 
developm ental stages with identified relevance to the particular technological system 
being investigated (Schiffer 1996, 645; 2000; 2005a; Schiffer and Skibo 1997). All 
technology life histories will include generalised stages o f  invention, m anufacture, and 
adoption. Each stage will also include specific behavioural chains, or sequences o f 
activities, for accom plishing a task (Schiffer 1996, 645). The term  behavioural chain is
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also used to describe the life histories o f  artefacts (Schiffer and Skibo 1997: 29). Each 
activity in the chain is considered a technical choice (Schiffer and Skibo 1987, 599; 
1997,29).
Behavioralists perceive the introduction o f  technological novelty to be the result 
o f  accidental or problem -solving behaviours (Schiffer 1996, 655). M uch o f  their work 
has explored design com prom ises w eighted across perform ance characteristics (e.g., 
Schiffer and Skibo 1987; 1997). A nother concern has been to give proxim ate 
explanations for historically repeating patterns o f  invention processes. Schiffer (1996, 
655-658) exam ines clusters o f  inventive behaviour in space-time which he attributes to 
stimulated variation. In essence, a change in the selective context is assum ed to 
prom ote an increase in inventive behaviour (Schiffer 1996, 655; See Fitzhugh 2001 for 
an in-depth evolutionary ecology form ulation). Cultural imperatives are seen as another 
stim ulus to invention (Schiffer 1993). In these cases, the belief by certain segm ents o f  a 
population, especially in capitalist industrial societies, that a product should or will 
eventually exist spurs invention and investm ent towards its developm ent (Schiffer 1993, 
99). Schiffer (2005b) builds on this m odel, and argues that in the process o f  seeing a 
creative vision to fruition, num erous problem s m ust be overcom e. Each solution 
generates m yriad cascades through the entire technological system, causing new 
problem s and stim ulating new inventions (Schiffer 2005b).
The m anufacturing stage o f  a technological life history provides both a selective 
context and source o f  variation for inventions (Schiffer 1996, 656). M ost inventions 
never get replicated. Those that do may be adjusted to fit the constraints associated with 
local m anufacturers, including such variables as available resources, ease o f 
m anufacture (Schiffer 2000, 81; 2005a, 289-290; Schiffer and Skibo 1987, 603-604; 
1997, 35-36), or different consum er desires (Schiffer 2002, 1150-1152).
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Finally, adoption refers to appearance o f  a product in m arkets, its acquisition by 
consum ers, and the eventual term ination o f  its m anufacture (Schiffer 2000, 81). 
A ccording to behavioural theory, different groups o f people who are engaged in 
different activities will acquire products on the basis o f  their activity-relevant 
perform ance properties (Schiffer 2000, 84). A paradigm atic classification o f 
perform ance characteristics, called the performance matrix, can be constructed to 
m easure this variation and identify both the target and actual consum ers for a particular 
product (Schiffer 2000, 84; 2004, 580-583; 2005a, 286-289; Schiffer and Skibo 1987, 
601). Com paring the perform ance properties o f  the products to the activities o f  the 
target and actual adopters o f  the product leads to partial explanations for its space-time 
distribution (Schiffer 2000, 92). Stim ulated variation can som etim es alter this 
distribution when adopters begin using products in unintended ways, especially if 
producers then alter the product to suit the new use (Schiffer 1996, 657-658).
The life history fram ework has been used with m oderate success to account for 
the invention and distribution o f portable and vacuum -tube radios (Schiffer 1993; 1996, 
357-359), electric cars in the United States (Schiffer 2000), electric light houses 
(Schiffer 2004, 580-584; 2005a), the electrom agnetic telegraph (Schiffer 2005b), and 
prehistoric North Am erican ceram ics (Schiffer and Skibo 1987, 601-609). Schiffer 
(2002) provides an extension o f  behavioural theory to describe the differentiation o f 
functional technological com ponents between com m unities, citing the spread o f  
electrical technology.
Com bined, these studies offer the most com plete m ethodological fram ew ork for 
studying technology and technological change discussed here, providing a powerful 
means o f  describing and m easuring innovation, contextualised perform ance, and 
change. Explanation in the life history fram ew ork is rather limited, however. Indeed, 
the life history fram ew ork is intended to be a theory neutral set o f  m ethods (Schiffer
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2002, 1153; 2004, 584) focused on the explanation o f  m icro-scale proxim ate causes o f 
variability (Schiffer et al. 2001, 733; 2002; 2005b; Schiffer and Skibo 1997). 
Behavioralists advise archaeologists (and anyone else studying social phenom ena) to 
seek theoretical solace and answers to ultim ate-scale questions w herever they may best 
be found (Schiffer 1996, 659; 1999, 167).
No m ethodology can be theory-free o f  course, even if  the theory is only implicit. 
O therw ise it would be impossible to form ulate any questions worth asking, let alone 
acquiring the data to answer them. W here behavioralists have rendered explanations, 
they resem ble a kind o f  ecological determ inism . No role is given to historical inertia or 
processes o f  cultural transmission. This results in part from a conflation o f  immanent 
and configurational properties. Behavioralists, in searching for laws o f  human 
behaviour, effectively deny the possibility o f  behavioural change. The success o f life 
history approaches in historical contexts stems from being able to em pirically identify 
those behaviours within well-defined and narrow tem poral boundaries. Extending it to 
archaeological phenom ena does not permit the inference o f  configurational behaviours 
(O ’Brien and Holland 1995a, 144). In these cases, behavioralists have been restricted to 
constructing perform ance matrices o f  engineering param eters alone (Schiffer and Skibo 
1987).
Discussion and Summary
Technological systems include both ideological and phenomenological 
com ponents, both o f  which reside in a network o f  interacting social, ecological, and 
geological units. These systems, like those o f  kinship, religion, exchange, and 
sodalities, are neighbourhoods o f  social interaction that affect changes in the structure 
o f  their network and are affected by other cascades o f  change that run through it. 
U nderstanding technological systems is an essential part o f  building explanations for
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culture and society at large. The full investigation o f  technological system s requires the 
consideration o f  six general, but fully entw ined problem areas:
1) engineering-design and constraint
2) technological system <-> environm ent (social, econom ic, and natural) interactions
3) processes o f  invention and innovation
4) technological organisation/strategies
5) processes o f  technological transm ission (social learning and diffusion)
6) technological change
W hile there have been num erous theoretical proposals for explaining 
technology, only the five most com m only used are sum m arised above. The dividing 
lines between these varied approaches are not sharply defined and individual 
researchers often employ m ethodologies derived from more than one influence (see 
Killick 2004). Some popular approaches were intentionally om itted because their basic 
concepts are better form ulated in those already listed. Leroi-G ourhan’s (1943, 1945) 
concept o f  chaine operatoire— the m anufacturing stages o f  an artefact (see Chazan 
2004 for greater elaboration)— is more than adequately accom m odated by Schiffer’s 
(1996, 645) concept o f  the behavioural chain. Agency approaches to technology derive 
their insights in pragm atic fashion from life history and chaine operatoire approaches 
(Dobres and Robb 2005, 163).
The study o f  engineering-design and technological lim itations is carried out by 
practitioners o f  all theoretical persuasions, and most at least attem pt to study the 
interaction between the technological system and its environm ent. Culture historians, 
perhaps more than any o f  the others, are principally concerned with generating narrative 
histories o f  technology and integrating them in holistic fashion with all other areas o f 
culture and society. They are interested not only in how technology functions (from 
both engineering and social perspectives), but in how and why it is transm itted across
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space-time. Culture-historians have developed a variety o f  tools for constructing 
historical chronicles, but have failed to invest in explanatory theory, opting instead for 
com m onsense interpretations.
Progressive evolutionists, by contrast, are interested in defining general stages o f 
hum an culture from sim ple to complex. They are unlikely to regard variation in 
technological strategies and organisation as anything other than noise. They similarly 
assum e away the processes o f  invention and innovation in teleological fashion. The 
transm ission o f  technological knowledge also becomes a non-issue, as individuals are 
always seen to adopt the “superior” technology w henever they come in contact with it. 
Change, while som etim es conceived in multilineal term s, is always used as a synonym 
for advancem ent.
Technological style and choice are probably better conceptualised as ontological 
positions rather than theory per se. Their proponents go to great lengths to dem onstrate 
the proxim ate level decisions made by individuals in crafting artefacts and whole 
technological system s, highlighting various symbolic, social, and econom ic influences. 
There is no explicit statement, however, on variable relationships or process. Nor is 
there a set o f  m ethods designed to explore such implications. The kinds o f  studies 
included in the technological style/choice or constructionist genre range from well- 
contextualised functional studies to under-contextualised social agency (see Killick 
2004). W hile the six problem s above are all dealt with to some degree, explanation is 
always proxim ate in scale and generated largely through interpretative means. As such, 
they differ very little from culture historical fram ew orks except in their explicit 
recognition that choices are shaped by more than ju st functional concerns.
The technology life history fram ework, in contrast to technological style/choice, 
is a well-developed set o f  methods that lacks the orienting fram ew ork o f  theory. The 
model o f  science adopted by behavioralists— observation —► hypothesis —* theory —>
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law— m akes this a necessary research strategy. The fram ew ork disregards the role o f  
cultural transm ission or social constraints in the production o f  innovations. Instead, 
behavioralists focus on functional com ponents o f  engineering-design and production, 
and explore the perform ance o f  tools within a broadly construed environm ent. They, 
like social constructionists, argue at an explicitly proxim ate level, thereby lim iting their 
successes to detailed historical anecdotes.
The next chapter introduces neo-D arw inian approaches to cultural evolution and 
their im plications for the explanation o f technological system s observed in the 
archaeological record. Neo-Darwinian fram eworks are form ulated to generate ultimate- 
scale explanations for patterns o f  variation. Interpretation gives way to inference, 
allowing the all-im portant scientific criterion o f  falsification and increased certainty for 
the correctness o f  conclusions. As will be noted, many o f  the same concerns raised by 
social constructionists, behavioralists and culture historians play significant roles in 
neo-D arw inian accounts o f  cultural and technological change, though expressed in 
som ew hat different term s. Proxim ate-scale behaviours are not ignored, but rather 
treated as an im portant source o f invention and innovation. Studying these proxim ate 
causes in detail is also a vital part o f  understanding constraints on cultural transmission 
and artefact replication (see N e f fs  com m ents in Cum berpatch et al. 2001, 280). 
Progressive notions o f  evolution are com pletely abandoned in neo-Darwinian theory. 
Directional trends in engineering-design are explained as the natural result o f  
transm itting information for behaviours in environm ents with consequences and 
ultimately leading to ‘descent with m odification’.
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Chapter 3:
Neo-D arw inian Evolutionary  T h eo ry  and  
T echnology___________________________________
N eo-D arw inian evolutionary theory is fam iliar to most as the paradigmatic 
fram ew ork for explaining the history and diversity o f  life on Earth. Reducing it to its 
essential logic, however, reveals a much broader applicability. Any system, living or 
not, may be described and explained in Darwinian term s if  it is composed o f  a 
population or populations o f  varying entities that reproduce with differential success 
(Dennett 1995, 343, Jablonka and Ziman 2000, 13-14). Differential success means that 
some variants will be reproduced in greater frequency than others. This could be a 
result o f  chance or because they are better suited to a given environm ent. The 
frequencies o f  variants in the population change through time and, if  innovation rates 
and environm ental variability are sufficiently high, diversity increases. W hile the 
precise m echanism s o f  reproduction and change are system  specific, the result is always 
the same— ‘descent with m odification’.
The elem ents o f  human culture are easily fit into this schema. Ironworking 
technology, for exam ple, varies dram atically across space-tim e (e.g., Killick 1991). 
Even if ferrous technology has been independently invented m ultiple times, as in the 
case o f  copper production, the varieties produced by each founding tradition would still 
be related. This is because the technology is constantly replicated through cultural 
transm ission, be it from m aster to master, m aster to apprentice (e.g., Kusimba 1996), 
professor to student, or student to student. Iron production practices have changed 
significantly through time and exhibit rem arkable differences across space. Simply put, 
ironworking technology descends with m odification. The same is true for all 
technological and cultural m anifestations (e.g., A unger 2002; Boyd and Richerson
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1985; Dunnell 1980; Fitzhugh 2001; N eff 1993; O ’Brien and Lyman 2000; Shennan 
2002b; Zim an 2000).
The basic elem ents o f  neo-D arw inian theory are sum m arised below, followed by 
some exam ples o f  previous Darwinian studies o f  technology. W hile these tenets are 
beyond dispute by all Darwinian thinkers, considerable divisions still exist am ongst 
neo-D arw inists in their attem pts to explain cultural diversity and change. Argum ents 
m ainly centre around the degree o f  organic influence on cultural evolution, but also 
concern the relative importance o f  different sorting m echanism s and the effective scale 
on which they operate. M ost evolutionary analyses o f  culture follow  one o f  four styles 
(see Flinn 1997 and Smith 2000). A review o f  these approaches reveals a num ber o f 
ready com patibilities. A synthesis is proposed and a fram ew ork presented for 
identifying and explaining technological diversity and change observed in the 
archaeological record.
Evolutionary Units and Processes
There can be no denial that the history o f  hum an existence is immensely 
com plex and that technology is one o f  its most com plex behavioural components. The 
power o f  neo-D arw inian theory is found in its handling o f  this com plexity with a 
rem arkably simple set o f  units and processes. The units em ployed are theoretical and 
substrate independent, m eaning that they are equally applicable to both living and 
inorganic matter. Processes are algorithm ic— they are sim ilarly substrate independent 
m indless procedures for yielding guaranteed results (Dennett 1995, 48-60). In the case 
o f  evolutionary theory, those guarantees are that variation will tend to be structured in 
distinct patterns across environm ents and time. The difficulty is determ ining what 
constitutes the relevant units and processes in any given real-world case o f  diversity or 
change. Indeed, this can be much more com plicated for the study o f  hum an behaviour
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than in most biological system s simply because o f  gene-culture coevolution (e.g. Laland 
et al. 1995). However, careful reduction to the set o f  first principles outlined here 
alm ost alw ays reveals these difficulties to be problem s o f  observation, failure to 
consider m ultiple working hypotheses, or the lack o f  system atic procedures for unit 
construction.
Units
There are three generalised theoretical units involved in any evolutionary 
analysis: the individual, the lineage, and the environm ent. Adopting the conventions 
suggested by philosopher David Hull (1980), an individual is characterised by the 
organisation o f  m ultiple parts into a cohesive whole. They are tightly bounded in space­
time with reasonably well-defined beginnings and endings. Genes/m em es, cells, 
organism s, colonies, and higher level taxonom ic units can be considered individuals so 
long as their lower level components act collectively. All evolutionary individuals are 
functional system s serving as replicators and/or interactors. Any individual that imparts 
its structure to other entities is a replicator. Entities that functionally relate to the 
environm ent in w ays that may bias successful replication are term ed interactors. 
Replicators are alw ays interactors, but not all interactors are replicators. However, 
interactors m ust be expressions o f  replicators at a less inclusive scale if evolution is to 
take place. A lineage is an entity that evolves as a result o f  the interaction and 
replication o f  individuals. Synchronically, a lineage is m anifest as a population— a 
group o f  individuals related by descent. The population evolves as its em ergent 
properties (variant frequencies, size, and structure) change. Finally, the environm ent is 
the holistic context in which the m em bers o f  a population are situated, including 
them selves.
The role o f  system atics is to define and arrange units into a logical structure that
52
facilitates the understanding o f  empirical phenomena, usually as specified by 
explanatory theory. In historical disciplines like evolutionary biology and archaeology, 
system atics is principally concerned with estim ating or hypothesising the evolutionary 
or historical chronicle (O ’Hara 1988, 144). A historical chronicle is a description o f 
phenom ena and their arrangem ent in time and space w ithout giving any explicit cause 
for their existence or change. An evolutionary chronicle adds the further stipulation that 
the arrangem ent m ust be formed via inferences o f  heritability between units. Its main 
purpose is to create genealogical structure or hypothetical lineages out o f  existing 
phenom enological variation.
Classification, in term s o f  estim ating the evolutionary chronicle, functions to 
measure variation in one o f  three scales o f  inclusiveness: ontogeny, tokogeny, or
phylogeny (O ’Hara 1993, 237-239). Figure 3.1 illustrates the relationships between 
scales and their relationship to evolutionary units through means o f  a cultural example. 
O ntogenetic variation is measured at the scale o f  program m ed life-history stages that 
individuals go through during their developm ent or, in the case o f  artefacts, their 
m anufacture. Such variation is the result o f  constrained replicator expression by the 
environm ent. Tokogenetic variation is m easured at the scale o f successful transm ission 
between individuals. Biologically this takes place between parents and offspring and 
always from one generation to next. Cultural transm ission, however, can also occur 
between individuals o f  the same generation, as well as between individuals separated by 
one or more generations. Individuals may also have many more than two cultural 
parents. Tokogeny is typically m odelled as networks o f  interacting individuals. 
Phylogenetic variation is measured at the scale o f  population characteristics and 
generally assum es the structure o f  population divergence to be dendritic. This creates a 
branching hierarchy o f  related units. Constraints imposed by history limit the degree to 
which such units are capable o f  transferring inform ation and replicating each other’s
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Figure 3.1: Three scales of inclusiveness in an evolving artefact system. Ontogeny is represented by 
the generalised life history of a prehistoric iron sickle proceeding through the stages: ore —> bloom 
—► billet —► bar —» finished object. Variant ideas for the sickle and its use are transmitted between 
members of a population with different degrees of success at the tokogenetic level. Connecting lines 
between circles represent transmission between individuals; solid lines showing stronger 
transmission and dashed lines showing weaker transmission. Over time, two subpopulations of 
sickle users evolve from the original and can be monitored efficiently at the phylogenetic level, 
(after Hennig 1966, 31, Figure 6; see also O ’Hara 1993, 237-242).
variants. However, the strength o f  such constraints may vary, leading to m odest levels 
o f reticulation or hybridisation.
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Classification at the ontogenetic level seeks to identify sem aphorants, or 
character bearing life-history stages o f  an individual. Each stage exhibits variation 
across a population, is exposed to unique environm ental contexts and constraints, and 
will be sorted differentially across space time. Though extrem ely informative, 
ontogenetic analysis is not always necessary to exam ine the structure o f  transm ission 
pathways. The objective o f  defining classes at the tokogenetic scale is som etim es to 
identify individuals, but is more often used to m easure variation and m onitor changing 
population characteristics that emerge from transm ission between individuals. It is 
difficult and more often impossible to reconstruct the history o f  successful transm ission 
events, except when the evolutionary individual is hypothesised to be a population o f  
organism s. Classification for phylogenetic analysis attem pts to measure variation 
between the term inal taxonom ic units o f lineage branches.
Procedures for constructing units vary, but generally begin with the creation o f  
classes defined by attributes at a lower level o f  inclusiveness than that o f  analysis. 
Palaeobiologists use some set o f  a fossil’s m orphological characteristics, while 
archaeologists do the same with artefacts. There exist an alm ost infinite num ber o f  
possible traits to choose from in any particular case and choosing those that provide a 
basis for m easuring variation and heritable continuity is not alw ays straight forward. 
Trait selection strategies can bias a classification’s utility in estim ating the evolutionary 
chronicle. Liebermann (1999, 142-143) suggests seven ideal criteria for choosing 
appropriate traits: 1) traits should be intrinsic properties o f  the phenomenon; 2) traits 
should be discrete and/or quantifiable (but this point is debated, e.g. O ’Brien et al. 
2002, 140 and references therein); 3) traits should vary m ore between classes than 
within them; 4) trait-states m ust vary between classes— invariable traits are irrelevant 
for constructing an evolutionary chronicle; 5) traits should be independent and 
uncorrelated with others used to build the classification; 6) characters must be heritable;
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and 7) traits should be hom ologous— sim ilar across classes because o f  descent from a 
com m on ancestor. Though the most difficult criterion to define, hom ology is also the 
m ost im portant because it serves as the basis for inferring the structure o f  transm ission 
pathways at both the tokogenetic and phylogenetic scales.
Hom ologous traits are hypothesised based on their sim ilarity in relative 
topography, form, and ontogeny (Patterson 1988; de Pinna 1991). However, similar 
traits can be distributed across taxa for a variety o f  reasons not related to descent, 
including convergence— evolution o f  sim ilar features in unrelated taxa; parallelism —  
evolution o f  sim ilar characters in related taxa because o f  developm ental constraints; and 
reversals— independent loss o f  the same derived character in different branches o f  a 
phylogeny (M ayr 1997, 138). Just as similarity is an indicator, but not a test, o f  
hom ology, conjunction (two supposedly hom ologous traits found in the same taxon) is 
an indicator o f  non-hom ology. Congruence is the only true test o f trait hom ology, but 
can only be assessed following the application o f  lineage construction methods like 
cladistics or seriation (see Lyman 2001, 76-81). The patterns o f  descent created by 
these m ethods also dem onstrate hom ology between taxa. M ultiple associations o f  
derived independently evolving traits shared between hom ologous taxa imply that the 
traits them selves are homologues. Should the same derived traits be found in unrelated 
taxa, the hypothesis o f  hom ology is falsified between them (de Pinna 1991, 371).
System atics and classification play the vital role o f  m atching theoretically 
defined units with empirical phenomena. This task is especially difficult in the 
historical sciences where theory specifies that phenom ena are variable and in a constant 
state o f  flux, thus having only momentary and unique reality at any give location in 
space-time. W hile whole journals are devoted to the subject in biology (e.g., Systematic 
Biology and Systematic Zoology), archaeology has invested significantly less effort in 
evaluating and updating its observational language (Dunnell 1995, 33; but see Dunnell
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1971 and O ’Brien and Lyman 2000, 187-243 for some notable exceptions). An 
evolutionary history is nothing more than a just-so  story if  the evolutionary chronicle 
upon which it is founded is erroneous. As Richard Lewontin (1974, 8) put it:
The problem o f theory building is a constant interaction between 
constructing laws and finding an appropriate set o f descriptive state 
variables such that laws can be constructed. We cannot go out and
describe the world any old way we please and then sit back and
demand that an explanatory and predictive theory be built on that 
description...[T]here is a process o f trial and synthesis going on...in 
which both state descriptions and laws are being fitted together.
Processes
Evolutionary narratives are created by applying statem ents o f  causality to an
evolutionary chronicle. They provide explanations for the structure o f  transm ission
pathways in term s o f  biases imposed on upon an individual’s opportunity to transmit 
information successfully. These biases are m anifest as two kinds o f  process. Neo- 
Darwinian sorting m echanism s (drift and selection) are the natural result o f  information 
transm ission in environm ents both with and w ithout consequences for survival and 
reproduction o f  the trait-bearing interactor. Constraints bias the production o f 
variability without regard to the quality o f  information being transm itted. Both are 
important for building complete explanations o f  evolving systems.
Drift is the sim pler o f  the two neo-Darwinian sorting m echanism s and is best 
defined as stochastic sampling error. The most elegant form ulation assum es that all 
variants in a population have an equal probability o f  being replicated. The population 
structure (defined by variant frequencies) at time to is expected to remain constant at 
time t/. However, some variants will be copied more often than others simply due to 
unbiased chance. The effects o f  repeated sam pling error are cum ulative and ultimately 
lead to a reduction in total variation and fixation o f  a single variant (assum ing no 
innovation) (Neim an 1995, 10). The speed at which drift leads to the fixation o f  a trait 
is largely a function o f  the effective population size, while its overall stability is a
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function o f  the innovation rate. As population size increases, the rate o f  fixation is 
decreased. Likewise, as the innovation rate increases, so does system  instability. This 
is clearly shown in the com puter sim ulation results carried out by Neim an (1995, 10-13) 
and Bentley and Shennan (2003). W hen novelty enters a population, variant 
frequencies begin to fluctuate and are characterised by a power law distribution— a 
“scale-free” distribution in which some quantity n is proportional to some power o f 
another quantity x  (see Bentley and Shennan 2003). M ore simply, drift com bined with 
innovation leads to a variant frequency distribution in which the vast majority have 
short lifespans and low probabilities o f  being replicated while a very few will have 
extensive lifespans and high probabilities o f  being replicated. These and sim ilar works 
(e.g., Lipo et al. 1997) suggest that drift is the evolutionary mechanism  underpinning 
the seriation method (Dunnell 1970) used to chronologically order artefact assem blages 
based on stylistic attributes.
Selection is an algorithmic sorting process that system atically increases the 
frequency o f  variants in a population that possess better than average chances o f 
survival and reproduction (or replication). In other words, those individuals having a 
better fit to their environm ent are more likely to leave greater num bers o f  descendants in 
succeeding generations relative to individuals who are less well adapted. An 
individual’s fitness with respect to the natural environm ent is determ ined partially by its 
physical biological characteristics and partially by its behavioural strategies. However, 
its fitness with respect to the social environm ent more often depends on its behaviour in 
the context o f  what others are doing. Over time, selection leads to the fixation o f 
favourable traits in a population and the elim ination o f  less favourable ones.
Selection can operate at m ultiple scales and through a num ber o f  different 
m odes, including directional selection, stabilising selection, diversifying selection, and 
frequency dependent selection. Directional selection leads to an increasing frequency o f
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a particular trait within a population, favouring new variants that enhance the traits 
perform ance. Stabilising selection serves the opposite purpose— m aintaining optimal 
designs or behaviours by favouring existing variants over novelty. Diversifying 
selection favours the existence o f  m ultiple trait m odes within a population. Frequency- 
dependent selection occurs when the adaptive value o f  a trait depends more on it 
frequency within a population than its functional perform ance. Selective sorting occurs 
when there is variation in engineering perform ance capabilities (e.g., O ’Brien and 
Holland 1995a; O ’Brien et al. 1994), variation in strategy set perform ance (e.g., 
Leonard and Reed 1993), or variation in ways o f  making a living (e.g. Shennan 1999).
Sorting also occurs for reasons other than stochastic sam pling error and 
adaptation, both o f  which require the transmission o f  information. A lternative sorting 
m echanism s are collectively referred to as constraints. In the context o f  evolutionary 
theory, constraint is defined as a bias on the production and reproduction o f  variability 
within an evolving system (Am undson 1994; Gould 1989; M aynard Smith et al. 1985; 
O ’Brien and Lyman 2000, 336). Evolutionary constraints comprise aspects o f  both 
immanent and configurational properties. This is apparent when biases o f  any sort are 
redefined as program m atic, and thereby end-directed, rules for behaviour. Physical 
laws are tim eless unchanging rules for the interaction o f  m atter and energy. They and 
their derived properties act to limit the possibility-space within which any variant can 
exist. If the scale is shifted from these most basic param eters to sym bolically-coded 
information-rich phenom ena like DNA or the elem ents o f  hum an culture, then a new set 
o f  configurational constraints can be established. These new rules are essentially 
program s that guide the responsive behaviour o f  individuals in a population and become 
correspondingly more complex with increases in local coding capacities. Though 
determ inative in nature, the rules vary between individuals and can significantly affect 
patterns o f  observed variation at subsequent levels o f  physical expression. M aynard
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Smith et al. (1985, 269) have this to say about constraints in biological contexts, but its 
analogy to culture is clear:
Organisms are capable o f an enormous range o f adaptive responses to 
environmental challenge. One factor influencing the pathway actually taken 
is the relative ease of achieving the available alternatives. By biasing the 
likelihood of entering onto one pathway rather than another, a 
developmental constraint can affect the evolutionary outcome even when it 
does not strictly preclude an alternative outcome. Indeed, such biasing 
(comparable with some degree o f “loading” in dice) is more consistent with 
the diversity and unpredictability of evolution than is the setting o f absolute 
prohibitions. Local constraints (and also weak universal constraints) are 
fully capable of having a significant effect on evolutionary pathways...
Imm anent constraints (M aynard Smith et a l.’s [1985] universal constraints) are 
routinely discussed outside o f  evolutionary theory in relation to technology and craft 
production (Lem onier 1993; Keller and Keller 1996), though their implications for the 
space-time distribution o f  artefact characters are rarely explored (but see Lyman and 
O ’Brien 2000, 62-63; O ’Brien and Lyman 2000, 335-336). Engineering-design 
constraints— som etim es referred to as technological determ inants or limiting factors—  
are imposed by physical laws which act to limit the range o f  possible technological 
configurations or favour particular technological pathways based on their relative ease 
o f  attainm ent. A nother kind o f immanent constraint, only discussed in the evolutionary 
literature, is pleiotropy (Kornbacher 2001; O ’Brien and Lyman 2000; Pfeffer 2001; 
W ilhelm sen 2001). This refers to the mechanical linkage that exists between multiple 
phenotypic characters with the same underlying coding, be it genetic or cultural. 
Evolutionary forces affecting the distribution o f  one trait, necessarily affect those 
mechanically linked to it. One trait may be selected while the other is simply sorted. 
This concept has special relevance to technological phenom ena as these typically yield a 
suite o f  associated artefacts. Bloomery iron smelting, for exam ple, yields both a bloom 
and slag. Changes in the smelting recipe will necessarily alter the properties o f  both 
products, if  only to a slight degree. Properties o f  the bloom may be selected, but the 
properties o f  the slag will simply be sorted.
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Resource-based constraints are environm ental characteristics and so directly 
affect the success or failure o f a particular technology. Som etimes conflated with 
immanent constraints (e.g., Stenvik 2003a, 125; Stenvik 2003b, 79-80), they are better 
viewed as aspects o f  the selective context to which some technologies may become 
adapted. However, they can also bias non-adaptive aspects o f  an interactor’s properties 
in a m anner sim ilar to phenotypic plasticity. But this is a kind o f  geological or 
geographical sorting that has no direct bearing on evolutionary patterns o f variability. 
Rather, they act to constrain inferences o f  transm ission.
Configurational or local (M aynard Smith et al. 1985) constraints have been 
shown to exert a profound influence on the transm ission o f  cultural variants, albeit 
stated in different term s. Shennan (2000, 2001), for exam ple, argues and effectively 
dem onstrates, that population size and demographic fluctuations can have, and indeed 
have had, substantial impacts on diachronic patterns o f  artefact variance. Cavalli-Sforza 
et al. (1982, 19-20, see also the extensive treatm ent in Cavalli-Sforza and Feldman 
1981) point out that social relationships between senders and receivers o f  cultural 
information and their respective ratios affect levels o f  intra- and inter-group variation, 
the ability to accept new innovations, and even the tem po o f  evolutionary change. To 
this list m ight also be added the medium, method, and context o f  information 
conveyance (Barth 1990; Durham 1992, 342-343). Some generalisations that have 
resulted from the formal m odelling o f  different transm ission modes are shown in Figure 
3.2. Boyd and Richerson, along with several colleagues (Boyd and Richerson 1985, 10; 
Henrich 2001; Henrich and Boyd 1998; Henrich and Gil-W hite 2001), suggest that 
intrinsic decision rules impart structure on socially transm itted variants. The three most 
com m only identified are: 1) direct bias— individual adoption o f  specific cultural
variants based on what seems to work best; 2) frequency dependent or conform ist 
bias— adoption o f  the m ost com m on variant o f  a behaviour within the local cultural
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Figure 3.2: Modes of cultural transmission and their biases on the production of variation (adapted 
from Cavalli-Sforza et al. 1982, 21, Figure 1 and Hewlett and Cavalli-Sforza 1985, 923, Figure 1).
system; and 3) indirect or prestige bias— adoption o f cultural variants associated with 
more successful individuals. Perhaps the most interesting property o f  these 
configurational rule-based constraints is that they are themselves subject to evolutionary 
sorting (Boyd and Richerson 1985; Henrich 2001; Henrich and Boyd 1998).
Biases on cultural transmission generate cumulative changes in variation over 
time. When these biases lead to adaptive change, it may prove extremely difficult to 
distinguish them from selection processes (but see Henrich 2001). Process differences, 
however, are not trivial. Transmission biases simply apply weight to variants’ 
probabilities o f  replication according to psychologically or culturally acquired decision­
making rules. Selection is environment dependent, while the decision rule is not.
v'-
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Selection processes therefore result in a correspondence betw een specified variants and 
environm ental contexts. It is possible that transm ission biases may have evolved 
because they function as a kind o f  Baldwin effect, prom oting the acquisition o f  adaptive 
behaviours within a population at a faster rate than selection alone could produce (see 
Dennett 1995, 77-80; and Simpson 1953). W hile the difference in tim ing could be 
potentially m odelled, nothing o f  this sort has yet been accom plished. When 
transm ission biases do not lead to adaptive traits or behaviour, their influences can be 
detected by com parison with the expectations o f  the neutral model o f  evolution (e.g., 
Shennan and W ilkinson 2001 and Kohler et al. 2004).
Conflation o f Cultural Selection and Transmission Biases
M ost disciplines that involve a lot o f  tim e classifying phenom ena contain two 
kinds o f  people: lumpers and splitters. Am ongst evolutionists, lumpers tend to see all 
varieties o f  selection as aspects o f  a single universal process. Splitters, Darwin (1859) 
included, break these varieties up according to the nature o f  its context. Thus, the field 
is bom barded with term s such as artificial selection, unconscious selection, natural 
selection, sexual selection, and, most recently, cultural selection.
Cultural selection is a controversial term  which is used in two distinct ways: 1) 
to denote the adaptive advantages given to an organism  via a culturally transm itted 
behaviour; and 2) to denote the replicative success o f  a cultural interactor irrespective o f 
the organism ’s fitness (Rindos 1985, 73). The second sense seem s to have gained w ider 
acceptance (A unger 2002, 52; Durham 1990, 199-201; Durham 1992, 344-350; 
Shennan 2002b, 35, 265). The utility o f  conceiving o f  selection on cultural traits as 
som ething different from natural selection is heuristic, serving to draw  attention to 
potential differences between genetic and cultural transm ission (Rindos 1985, 73-74). 
The concept o f  cultural selection has also been criticised as both a potential source o f
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confusion between variety generating and variety selecting m echanism s (O ’Brien and 
Holland 1996 [1990], 182-186) and for simply being irrelevant (O ’Brien and Lyman 
2000, 404).
That at least some confusion is em bedded in the term  cultural selection is 
evident in its treatm ent as a m echanism  equivalent to intrinsic cultural transm ission 
biases. So far cultural transm ission biases have been treated with a level o f  sim plicity 
that belies their true contentiousness, especially as they relate to gene-culture 
coevolution and the shifts in perspective such interplay demands. From the perspective 
o f  a biological interactor transmission biases are a constraint on behaviour. From the 
perspective o f  a cultural interactor, however, the bias becom es an aspect o f  the 
environm ent and therefore a selective pressure. Direct biases are the easiest to consider 
in this light. The behaviour o f  a biological organism  will be constrained if  it is 
program med to perform  cost-benefit analyses on alternative possibilities before it acts. 
The replicative success o f  a cultural interactor will be greatest am ongst organism s that 
assess perform ance if  it displays superior qualities. Situations involving prestige and 
conform ist bias are less straight forward. In general, interactors will be selected on the 
basis o f  their relative ability to exploit the environm ent. A cultural interactor will tend 
to have greater replicative success, for example, if  it can exploit a bias am ongst social 
organism s for adopting or imitating the behaviour o f  individuals who are more 
successful than conspecifics. A dvertising firms do this on a regular basis by associating 
products with particular social icons. However, it is not the product that is being 
selected, but the behaviour o f  advertisers. The product’s distribution, while perhaps 
increasing am ongst the population, is being sorted by the prestige bias and not because 
its properties are necessarily better suited to the environm ental context o f  the 
consum er’s behaviour.
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N ot surprisingly, these com plexities have lead to some confusion in the 
literature. Durham (1992, 345), for exam ple, considers any bias on cultural acquisition 
a kind o f  cultural selection. He divides cultural selection into four com ponents 
including prim ary value selection, secondary value selection, selection by choice, and 
selection by im position. Primary value selection “ ...refe rs  to decisions in which 
. . . ‘developm ental’ values hold sway (these are the values that develop within each 
individual out o f  his or her own experience and the interplay o f  ‘nature and nurture’; by 
definition they contain no significant, decision altering information from social 
transm ission)” (Durham  1992, 345). This seems to be equivalent to Boyd and 
Richerson’s (1985, 9) concept o f  guided variation which is an em ergent property o f  
individual learning w hereby individuals m odify their behaviour in the wake o f  trial and 
error experience with the environm ent. Secondary value selection includes any decision 
based in some part on culturally transm itted information and includes such factors as 
direct, prestige, and conform ist biases (Durham  1992, 345). Selection by choice refers 
to relatively unconstrained decisions, while selection by imposition refers to individual 
decisions com pelled by other more dom inant m em bers o f  society (Durham  1992, 345- 
348).
D urham ’s decision to use the term cultural selection reflects his distinction o f 
preference advantage as opposed to a survival and reproductive advantage. W hile he 
seems to be following the general pattern o f  D arw in’s (1859) original distinctions 
between artificial, unconscious, natural, and sexual selection, there is no real agreem ent 
between them  at all. Sexual selection for exam ple refers to the evolution o f  characters 
in a particular sex because they give it an advantage in m ating success, though not 
necessarily for survival in the natural world. In contrast, a trait replicated through 
prestige bias does not have any intrinsic reproductive or survival advantage whatsoever. 
It is not selected, but rather sorted by a constraint imposed on transm ission. It is also
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unclear w hether selection by choice does convey a preference advantage to cultural 
characters across a population or if  it reduces to drift. Selection by imposition quickly 
reduces to an individual decision-rule (e.g., do what the boss says or get sacked). Once 
again, the trait was not selected, but rather sorted. W hile the trait may provide adaptive 
advantages to the population or social group as a whole, assessing this would require a 
shift in analytical that is not implied by Durham. For him, individual choice is 
equivalent to a selection event. Selection, however, can only come into play after a 
choice— a replication event— is made; it operates through com petition between existing 
variants created from the entire population o f  choices. Choices are proxim ate-level 
events w hereas selection is an ultimate-level process. It cannot act on the consequences 
o f  a choice before it is made, except by favouring a particular decision-m aking rule 
within a population.
Different Kinds of Darwinism
At its core, neo-D arw inian evolutionary theory seeks ultimate causes for 
historical phenom ena without recourse to teleology, tautology, and interpretation. 
However, Darwinists do not always agree on how this is best accom plished. Flinn 
(1997) and Smith (2000) com bined identify four Darwinian fram ew orks for explaining 
the evolution o f  culture. These include evolutionary psychology, human behavioural 
ecology, dual inheritance theory, and cultural selectionism . All agree that the capacity 
for culture is a biological adaptation, that culture consists o f  information transm itted 
between individuals, and that the acquisition o f  specific cultural variants are not linked 
specific genetic variants. Their differences emerge when attem pting to explain the 
specific cultural contents and patterns o f  variability (Flinn 1997, 26). M ajor 
disagreem ents include the appropriate scale o f  an evolutionary individual (i.e. the target 
o f  evolutionary m echanism s) and the nature o f  cultural expression. Does culture exhibit
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replicator-like dynam ics or is it the product o f  a plastic mental phenotype (i.e., a 
developm ental product o f  organic evolution)?
Evolutionary psychology (e.g. Tooby and Cosm ides 1992; see M ithen 1996 for 
an archaeological perspective) takes an adaptationist position, assum ing that 
com ponents o f  the hum an brain evolved via natural selection in past environm ents that 
were stable for relatively long periods o f  tim e (environm ents o f  evolutionary 
adaptedness). The prim ary adaptive products o f  this scenario are a hypothesised series 
o f  mental m odules— neural structures for solving particular sets o f  problem s that 
frequently occurred in the past. W hat we perceive as culture is viewed as an evolved 
psychological response to novel natural and social environm ents. Because the 
contem porary environm ent is so different to that in which the m odules evolved, humans 
are predicted to exhibit a num ber o f  m aladaptive behaviours. Culture becomes a kind o f 
accum ulated noise. Its historical signature is simply a result o f  a relatively continuous 
process o f  population renewal and decisions being made within a socially constructed 
environm ent. Selection o f  biologically constructed mental m achinery determ ines how 
people think and therefore cultural diversity. It acts solely at the scale o f the individual 
organism.
Human behavioural ecology (e.g., W interhalder and Smith 2000; see Bright et 
al. 2002, and Ugan et al. 2003 for archaeological exam ples) proposes that the human 
mind has evolved psychological propensities that allow individuals to perform cost- 
benefit analyses in decision-m aking. This leads to the testable prediction o f  optim ally 
suited behaviours in a wide range o f  environm ents and task-specific contexts. 
Deviations from optim ality are explained away in term s constraints. Game theory (e.g., 
Bonhage-Freund and Kurland 1994), econom ic m odels o f  specialisation (e.g., Shennan 
1999), optim al foraging theory (e.g. Smith 1983), and engineering-design analysis (e.g., 
Dom inguez 2002) are the m ethods m ost often em ployed to determ ine optim a in local
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synchronic settings. These propensities are usually referred to as decision rules and are 
posited as general purpose mental adaptations. This stands in direct contrast to 
evolutionary psychology which favours the evolution o f  highly specialised cognitive 
m echanism s. Behavioural ecology approaches to culture are also adaptationist in 
perspective, seeking to explain behaviour solely in term s o f  biological fitness. Culture 
is boiled down to phenotypic plasticity, relegating concepts o f  style and neutral 
variation to insignificant historical accidents. Selection favours certain decision rules 
that generate optim al behaviours in individuals. Cultural diversity is explained by the 
evolved cognitive capabilities o f  individual organism s or sem aphorants acting in unique 
natural and social contexts, not by the direct action o f  neo-D arw inian sorting 
m echanism s.
D ual-inheritance theory, em phasised in the work o f  Robert Boyd and Peter 
Richerson (Boyd and Richerson 1985; see Bettinger and Eerkens 1999 for an 
archaeological application), suggests that in the course o f  human genetic evolution, a 
new kind o f  inform ation system evolved within the substrate o f  the brain. M odern 
hum ans have inherited this enhanced capacity and transm it information both genetically 
and culturally. W hile not dism issing the role o f  selection and drift in cultural evolution, 
greater causal significance is given to a num ber o f  evolved transm ission biases. Such 
biases are roughly equivalent to the kind o f  decision rules hypothesised by behavioural 
ecologists, but do not require that resultant strategies be in any way optim al with respect 
to individual fitness. Indeed, biases on cultural transm ission are often argued to lead to 
m aladaptive behaviours with respect to survival and reproduction. Dual-inheritance 
theory m akes no a priori assum ptions regarding the scale o f  evolutionary forces, often 
opting for m ultilevel m odels o f  selection. Indeed, m uch o f  this mode o f  research 
em phasises the im portance o f  group-level transm ission processes (e.g. Henrich 2004; 
see also Henrich and Boyd 2002). M ost o f  the work done in this realm  has been purely
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theoretical with the aid o f  m athem atical m odelling with only a few anecdotal snippets 
for em pirical support (e.g. Henrich 2004; Henrich and Boyd 1998). It is also important 
to not that the perspective taken by dual-inheritance theorists is alm ost alw ays that o f 
the biological interactor. As pointed out in the discussion above, some transm ission 
biases can be view ed as a selective force with respect to ideas or memes.
Cultural selectionism  (e.g., Cullen 1993; G oodenough 1995; Rindos 1985; see 
also Dawkins 1989) shares close relations with dual-inheritance m odels in that both 
program s m odel culture as a distinct form o f  information transm ission, independent o f 
biological m echanism s. Indeed, some researchers (e.g. Durham  1990; Hewlett et al. 
2002) lump the two program s together under the rubric o f  evolutionary culture theory or 
evolutionary cultural anthropology. The units o f  transm ission are theorised to be 
analogous to genetic replicators, and have been variously referred to as culturgens, 
memes, semes, and cultural viruses. At present there is no em pirically identified unit o f  
culture equivalent to a gene (but see Aunger 2002 for possibilities) and cultural 
selectionists have, to date, not lent a great deal o f  thought to the problem or its 
implications. Explanations for the assortm ent o f  variant behavioural and artificial traits 
are rendered by neo-D arw inian m echanism s. Fitness is assessed in term s o f  the 
replicative success o f  the traits them selves. The organism  is viewed as a host— part o f  
the environm ent in which a meme resides— and correlation between the replicative 
success o f  either is unnecessary, though coevolution o f  traits may make it a frequent 
occurrence.
In contrast to these theoretical positions, which all initially arose to explain 
ethnographic problem s, evolutionary archaeology (e.g., Dunnell 1978, 1980, 1989, 
O ’Brien and Holland 1990, 1992) emerged as an explicit attem pt to rewrite prehistory in 
Darwinian term s. Evolutionary archaeologists see their task as one o f  constructing and 
explaining cultural lineages (Lyman and O ’Brien 1998; O ’Brien and Lyman 2000).
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They prom ote the use o f  both cladistics (e.g. O ’Brien et al. 2001) and seriation (e.g. 
Lipo et al. 1997) for constructing evolutionary chronicles and explaining them though 
engineering-design and cost-benefit analyses (O ’Brien et al. 1994) and tests o f the 
neutral model (Neim an 1995; Shennan and W ilkinson 2001). If stasis is observed, then 
some accounting o f  the possibility o f  optimal design and constraints m ust also take 
place. M ost evolutionary archaeologists view evolution as a consequence o f  natural 
processes acting on m ultiple levels o f hierarchically organised phenom ena (O ’Brien and 
Lyman 2000, 382-383; see also Vrba and Gould 1986). In this conception o f  reality, 
choosing appropriate scales o f  analysis is a critical for defining suitable interactors— the 
units o f  selection. The problem o f  producing a m ulti-scalar evolutionary chronicle o f  
culture com pels evolutionary archaeologists to focus heavily on system atics and unit 
construction (O ’Brien and Lyman 2000, 2002). In this effort, they note their shared 
interests with that o f  culture historians and have attem pted to reconcile the latter’s 
com m onsense notions with evolutionary science. Evolutionary archaeology has been 
much more heavily influenced by palaeobiological research than that o f  neontologists 
(e.g., Lyman and O ’Brien 2000; 2001). As a consequence o f  this, evolutionary 
archaeologists attribute historical contingency the same level o f  causal significance as 
that given to drift and selection. M any o f  these contingencies are the product o f  
canalising configurational constraints. In this light, this school has also begun to 
recognise transm ission biases as a potential m echanism  for explaining some patterns o f  
variation in the archaeological record (O ’Brien and Lyman 2002, 32-34).
Synthesising Darwinian Perspectives on Culture
Despite a num ber o f  debates surrounding the application o f  neo-D arw inian 
theory to culture, especially within archaeology (e.g., Boone and Smith 1998; Larson 
2000: Lym an and O ’Brien 1998; N eff 2000), it is relatively easy to find comm on
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ground and link aspects o f  all approaches into a synthetic program m e o f  evolutionary 
culture research. Stephen Shennan’s (2002) recent book Genes, Memes, and Human 
History m akes a strong attem pt to do ju st this. The perspective followed in the 
rem ainder o f  this thesis is sum m arised here.
Contem porary scientific perspectives assum e that the human brain is principally 
a product o f  natural selection. N o other evolutionary m echanism , or indeed, any other 
body o f  theory, can currently account for it with equal elegance, parsim ony, and 
empirical support. N either drift nor developm ental constraints are sufficient to explain 
its enorm ous energetic costs (Dunbar 1998; 2003). The structure o f  the evolved brain 
alm ost certainly imposes a certain num ber o f  constraints on human psychological 
preferences and cognitive abilities, ju st as a com puter’s hardw are limits its ability to 
perform calculations. Indeed, the human brain likely contains hardwired algorithm s for 
solving both general and specific problems ju st as a calculator. However, that does not 
preclude the existence o f  some other non-genetic inform ation format. If  the brain is 
hardwired in a m anner that allows it to accept new instructions in the form o f  
program m ed algorithm s, then these information packages may evolve independently o f 
their hosts. The problem  is an em pirical one and both situations can logically exist 
sim ultaneously.
Some cultural m anifestations will provide fitness enhancem ent to their hosts 
while others will not. If the cultural algorithm s stored in one’s brain (as hardware or 
software) are capable o f  performing cost-benefit analyses, then they can provide a 
m eans o f  pre-evaluating particular traits before they are replicated. This would allow 
individuals to adopt fitness-enhancing behaviours before selection had time to sort 
them. This does not mean that the cost-benefit estim ation algorithm  with which one is 
instilled will alw ays yield the best result (See Dennett (2003, 77-83)— for discussion on 
chess playing algorithm s). But we can expect that such algorithm s have them selves
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been shaped by natural selection and will largely be able to distinguish performance 
differences between variants o f  the same trait with some degree o f  error. We can also 
expect that an individual’s behavioural response to a particular situation will vary 
according to its developm ental history, its current ontogenetic stage, and its access to 
information and resources.
A daptive decision m aking-rules, direct bias, and guided variation should operate 
in such a way that individual behaviour is optim ised relative to its location in the 
environm ent. This statem ent is about individual m anagem ent o f  tim e, energy, and 
resources, not building a better m ousetrap per se. In other words, an individual should 
tend to m anage their behavioural options in a way that m axim ises their chances o f  
reproductive and social success, i.e. their reproductive and social fitness. This lends 
itself to questions concerning the length o f  time spent gathering resources in a particular 
area, what resources should be gathered, how resources should be processed, how much 
time should be spent m aking the tools necessary to process them, and even how much 
time should be spent inventing and trying out new tools. All o f  these decisions are o f 
course made with respect to how much tim e, energy, and resources should be spent 
form ing social relationships, acquiring mates and teaching the next generation. Most 
importantly, all o f  these decisions are done in the context o f  what other m em bers o f 
society have done, are doing, and are expected to do in the future. Using a com bination 
o f  optim isation and constraint-based models, it is possible to hypothesise the functional 
aspects o f  resource exploitation and social organisation by biological replicators, as well 
as the cum ulative affects o f  these patterns over time.
M anagem ent and organisation o f behaviour, however, says nothing about how 
the behavioural repertoire o f  an individual or population is accum ulated or how this 
inventory— com posed o f  cultural interactors— evolves. Cultural variants will emerge 
through a com bination o f  transm ission errors (akin to m utation in biology) and
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recom bination o f  existing traits through problem -solving behaviours (a kind o f  adaptive 
decision-m aking). The population o f  these variants will then be transm itted 
differentially into the minds o f others, com peting within the minds o f  receivers for 
opportunities to be physically expressed and have new chances to be transm itted. The 
processes o f  transm ission and replication will be constrained by cognitive structure, 
earlier adoption o f  culturally transm itted decision-rules, medium  o f  com m unication, and 
social structure. These m echanism s operate at the individual level o f  information 
conveyance but will have population consequences. At the scale o f  the population, 
however, selection and drift will sort variants based on their perform ance in the 
environm ent.
An im portant point in this discussion is that culture is transm itted through social 
conduits and can, as individuals make adaptive decisions, cause changes in social 
structure and organisation. These changes in turn affect how information is transm itted 
as well as the selective context o f  the social environm ent and all future adaptive 
contexts. Boyd and Richerson (2000, 160) express this notion quite succinctly, stating 
that “culture and social institutions arise from the interaction o f  individuals whose 
psychology has been shaped by the social m ilieu” . The cum ulative consequences o f  
interaction between the behaviour o f  organism s and the m odifications they make to their 
own selective regim e are draw ing increasing attention through the rubric o f  niche 
construction (e.g., Laland et al. 2000).
W hether or not transm ission biases or Darwinian m echanism s hold more 
explanatory pow er for a particular pattern o f  cultural variation is an empirical matter. 
Testing it requires five components: 1) estim ation o f  the evolutionary chronicle—
preferably at m ultiple scales; 2) comparison o f  the pattern o f  innovations in the 
evolutionary chronicle with expectations o f different sorting m echanism s; 3) analysis o f  
the trait perform ance characteristics; 4) estim ation o f  dem ographic profiles for m ultiple
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periods; 5) estim ation o f  social structure and organisation for m ultiple periods. The 
exact m ethods em ployed in any given case are to some extent dictated by the nature o f 
the data. Sim ilarly, not every aspect o f  evolutionary analysis can be conducted in a 
particular instance because o f  insufficient evidence. But this is a problem for all 
science. The more pressing issue for archaeologists will be detangling causes o f  sorting 
in any particular instance— a difficulty faced by palaeobiologists as well (e.g., W agner 
1996). The im portance o f  assessing causal m echanism s in different cultural sectors is 
born out in the policy decisions made today by governm ents, businesses, and other 
social institutions regarding public health, social welfare, and technological 
investments.
Neo-Darwinian Approaches to Technology
The previous chapter listed six com ponents o f  technology that any complete 
explanation must address: 1) engineering-design and constraint; 2) technology-
environm ent interactions; 3) innovation; 4) technological organisation and strategies; 5) 
technological transm ission; and 6) technological change. The first can only be 
exam ined through the lens o f  physical and earth sciences. Describing the non-human 
aspects o f  the environm ent in the second com ponent requires knowledge and methods 
derived from geology, earth sciences, and ecology. These are imm anent properties and 
neo-D arw inian theory is ill-equipped to make sense o f  them . Yet it is precisely this 
kind o f  information that is required to construct m odels to understand the 
configurational aspects o f  behaviour, transm ission, and change— exactly the kinds o f 
phenom ena that neo-D arw inian theory is designed to explain.
The warrants for applying neo-D arw inian evolutionary theory to technology are 
simple. As Jablonka and Zim an (2000, 13) make clear, the frame work only requires 
that the phenom enon o f  interest exhibit three properties: 1) entities making up the
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phenom enon must be able to multiply; 2) the entities must vary; and 3) at least some o f 
the variations m ust be hereditary. Technology can be shown to exhibit all three. Not 
only are there different technologies available for accom plishing the same general result 
(e.g. forging vs. casting metal artefacts), but techniques can vary for any given 
technology (e.g. natural draft vs. forced air sm elting furnaces). Technology consists o f 
ideas which m ultiply as they are taught to individuals. The elem ent o f  teaching meets 
the final requirem ent that information is transm itted from one entity to another with 
high fidelity.
Innovation
Studies o f  innovation processes have generally been rare in the evolutionary 
literature. Two distinct and seemingly opposed starting assum ptions underlie this 
discrepancy. Some theorists begin with the assum ption that innovation is a random 
process analogous to m utation in biology (Rindos 1985, 72). O thers m aintain that many 
cultural innovations are not randomly produced with respect to the selective 
environm ent, but are stim ulated into existence by the environm ent— ‘necessity is the 
m other o f  invention’ (e.g., Rosenberg 1990; Schiffer 1996, 655-656). The implications 
associated with these divergent positions have become a m ajor source o f  concern for 
those interested in applying evolutionary m odels to technology (M okyr 2000, 55; Ziman 
2000, 5). Research by W. Bernard Carlson (2000) and Ben Fitzhugh (2001) has 
provided significant insight into the processes o f  technological invention and innovation 
from evolutionary perspectives.
Carlson (2000, 138), with the help o f  several students, organised a series o f 
telephone sketches drawn by Thom as Edison over the course o f  1877 into maps to 
“reconstruct the course o f  his thinking and experim enting.” Once presented with a 
problem  by W estern Union to develop an improved telephone, Edison began m aking a
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series o f  sketches for telephones that converted sound into electricity by varying the 
resistance in a circuit (Carlson 2000, 149). Carlson (2000, 150) treated the sketches as 
fossils and arranged them  into fifteen classes according to m anner in which resistance 
was created, some classes branching out from others. These were then chronologically 
ordered on diagram s (Carlson 2000, 150-151) showing patterns o f  descent, branching, 
and even hybridisation. M any ideas were also consciously selected against as Edison 
tested their functional perform ance in experim ents (Carlson 2000, 156-157).
Carlson (2000, 157) treats Edison’s inventive efforts as loosely analogous to 
breeding and the process o f  artificial selection. However, this research also shows that 
Edison went through a series o f iterations for his telephones (based on his knowledge o f  
how electrical and sound systems worked), testing as many as possible until the 
constraint o f  time forced him to propose only the model that he felt could most likely be 
awarded a patent (Carlson 2000, 157). Edison’s inventions were all potential solutions 
to very specific problem s. However, their perform ance values were not perfectly 
predictable with respect to the environm ent in which they were produced— some 
inventions worked well and some did not. The innovation process seems to follow both 
the random  and stim ulated models.
Ben Fitzhugh (2001) is concerned not with the inventive process per se, but with 
determ ining when periods o f  inventiveness m ight be favoured by selection. In doing so, 
he (Fitzhugh 2001, 127) further questions the m other o f  invention and random invention 
m odels. According to the risk sensitivity model (Fitzhugh 2001, 134), will be prone to 
inventive behaviour when the potential benefits o f  finding a successful solution to a 
problem through experim entation outweigh the costs o f  doing nothing at all. Fitzhugh 
(2001, 133) uses a logistic model utility curve for subsistence consum ption to show that 
below the inflection point, risk-prone (i.e., variance seeking) behaviour leads to better 
than average utility gains, while above the inflection point, returns are lower than
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average. Thus, individuals are likely to shift between higher and lower risk strategies as 
their productivity decreases and increases, respectively (Fitzhugh 2001, 135). In times 
o f  increased environm ental uncertainty, inventiveness is favoured by selection because 
the risk o f  adopting a new technology will potentially yield much greater utility and 
restore certainty (Fitzhugh 2001, 137).
A daptive decision-m aking is cited as the primary m echanism  involved in risk 
sensitivity innovation (Fitzhugh 2001, 139). However, another evolved constraint 
m echanism  may also lead to the same kind o f  structure in inventive behaviour. Boyd 
and Richerson (1985, 220) have dem onstrated that a bias for conform ity increases the 
probability o f  successfully acquiring cultural traits favoured by selection in a stable 
local environm ent. Later m odelling by Henrich and Boyd (1998, 226) showed that even 
in unstable environm ents that do not promote social learning over individual learning, a 
conform ist bias is still advantageous. If invention is redefined as individual learning, 
then we should see that invention is highly constrained in stable (i.e. predictable) 
environm ents. W hen the environm ent becomes unpredictable, the constraint o f  
conform ist, or frequency dependant, bias is relaxed and individual learning (i.e. 
inventiveness) is favoured. Because a conform ist bias is still favoured in dom ains 
where social learning occurs, successful inventions should diffuse quickly through the 
social group.
Innovation, therefore, can be a directed process. However, it need not be 
Lam arckian in the sense that variety-generation and selection become conflated. Just 
because variation is generated in a targeted location does not mean that a successful 
solution will be found, but rather that variation was generated where it was perceived to 
be necessary or desirable. This finding has im portant im plications for predicting the 
evolution o f  technological systems. Rapid and perhaps short-lived increases in 
technological diversity should accom pany increases in environm ental uncertainty.
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Increases in diversity should also occur in social environm ents where the dem and for a 
specialised product is high and com petition is high between producers or where the cost 
o f  m anufacture is high. Though strong empirical support is still lacking for the 
phenom ena, enough plausible cases exist to make stim ulated innovation by means o f  
adaptive decision-m aking and risk-sensitivity a significant source o f  cultural variation.
Technology Environment Interactions
Behavioural ecology approaches to technology hypothesise that engineering 
solutions should tend to be optimal with respect to the environm ent. Optimal does not 
mean perfected or advanced. Rather, it denotes the organisation o f  available resources 
and existing knowledge into a system that generates the highest obtainable level o f  
fitness an individual is able to acquire. As noted above, this includes many different 
levels o f  organisation and having to contend with other decision-m akers whose efforts 
underm ine those o f  ego. Despite these com plexities, sim ple models com paring costs 
and benefits can lead to testable hypotheses for explaining variants o f a technological 
system. Steven Dom inguez (2002) provides a good exam ple o f  this approach in his 
study o f  gridded fields in New Mexico.
Dom inguez (2002, 132) is interested in docum enting the variation in the 
m orphology and location o f  gridded fields in relation to their water retention capabilities 
at different locations in space. A ssum ing optim ality, this technology is hypothesised to 
m aximise control o f  water transfer between the soil, ground surface, and atm osphere 
with the lowest possible energy investm ent relative to energy returns from a typical 
harvest (Dom inquez 2002, 133). Location and landscape m odification are considered 
the two m ost important variable param eters in a technology for increasing soil water 
retention when facing the constraints imposed by hydrodynam ics and geom orphology 
(Dom inguez 2002, 141). Estim ating the labour costs in constructing the gridded fields
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versus the estim ated energy returns from the agricultural yield, Dom inguez (2002, 142- 
152) dem onstrated that the technology was effective in retaining sufficient m oisture for 
abundant harvests. Recurring sets o f  its attributes across the surveyed area coupled with 
functional sufficiency suggests that gridded field technology represented an optimal 
agricultural strategy (Dom inguez 2002, 152).
Technological Strategies
Bright et al. (2002) offer another exam ple o f  ecological theory applied to 
technology, one designed to address the relationships between technological investment 
and m aking a living. The Tech Investment Model specifies a m athematical relationship 
between the time spent making a tool and a reduction in prey handling time (Bright et 
al. 2002, 164-167). It assum es that tool preparation time is negatively correlated with 
the prey handling tim e and that a forager’s goal is to m axim ise his rate o f  energy gain 
(Bright et al. 2002, 167). Focusing on the Great Basin region o f  North America, Bright 
et al. (2002, 171-172) hypothesise that as foragers shift their subsistence base from large 
game to seeds, the technologies used for large game handling (chipped stone tools) 
should show decreased levels o f  elaboration and those used for seeds (ceram ics and 
m illing stones) should show increased am ounts o f  elaboration. Elaboration, though not 
defined adequately, is assum ed to mean the time and energy spent making or refining 
artefacts. Findings did support their hypothesis, but available samples were too small to 
make a truly convincing case (Bright et al. 2002, 172). Still, they are com pelling 
enough to w arrant further attention and the model itself can easily be applied to other 
technological settings, particularly in societies with craft specialists.
Craft Specialisation and Patterns of Production
Explanations for craft specialisation have a long history in the study o f
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technology, especially from economic perspectives. If not already apparent in the 
forgoing discussion, evolutionary theory shares many com m on concerns with 
econom ics and models are often interchangeable. The only real difference is that 
evolutionists must also contend with the effects o f cultural transm ission and historical 
contingency to explain how the options given to a particular individual at a particular 
time and place arose in the first place. The functional relationships between units, 
however, rem ain the same.
One o f  the m ost prom ising directions for exploring craft specialisation and the 
distribution o f  production centres is through the com parative advantage model. In 
essence, the model suggests that individuals should not produce com m odity x, even if  
they can, if they are able specialise in com m odity y  and exchange it for more o f  
com m odity x  than they could have produced on their own. The result is that the supply 
o f  both products is maximised between the two individuals and both parties benefit 
from the exchange.
Shennan (1999) explores the potential o f  the model for explaining the 
distribution o f  prehistoric copper smelting sites in the Austrian Alps. The article notes 
that neither resource allocation nor technical secrecy are sufficient to explain why 
people would begin repopulating an abandoned alpine zone simply to begin producing 
copper instead o f  other activities like herding cattle (Shennan 1999, 358-359). O ther 
findings showed that the population produced copper specifically for trade, but did not 
acquire significant wealth in the process (Shennan 1999, 358-359). Shennan (1999, 
360-362) hypothesises that the m ountain-dw elling population invested itself in copper 
smelting in order to link into a larger exchange netw ork in order to secure goods to 
which they otherwise would not have access. Populations outside the m ining areas 
could utilise better agricultural conditions and trade for copper, while the copper
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producers would be better o ff specialising in m etallurgy and com peting successfully for 
external trade items.
As Shennan (1999, 262), h im self notes, the argum ent is lacking its strongest 
em pirical support— quantitative assessm ents the actual costs and benefits o f  copper 
production com pared with other ways o f making a living. The im portant point is that 
these quantities can be ascertained through experim entation. Hypotheses based on 
com parative advantage and other econom ic m odels can also yield predictions 
concerning likely patterns o f  future innovation, especially in conjunction with risk- 
sensitivity and some version o f  the tech investment model. Additional tests are possible 
as the social context becomes refined through new excavations.
Technological Transmission
A num ber o f  studies have applied evolutionary theory to problem s relating to the 
transm ission o f  technological knowledge. Most (e.g., Bettinger and Eerkens 1999; 
Henrich 2001; Henrich 2004) have shown that the m echanism s o f  transm ission are the 
same for technology as they are for other aspects culture— reliant on population size, 
social structure, and cognitive constraints. Shennan and Steele (1999; discussed in 
chapter 2) focus on the special problems o f  technology as they relate to the costs 
associated with teaching and learning a way o f m aking a living. Some other studies 
(e.g. M artin 2000, 100) also imply that the m ethods o f  teaching complex and costly 
technologies may be structured so as to limit the am ount o f  variation apprentices can 
make to a process and thereby reduce risk o f  failure. The consequence o f  such 
program m es would lead to technological stasis. One approach that may be especially 
valuable to archaeologists is that suggested by Eerkens and Lipo (2005) for relating 
diachronic changes in the am ount o f  variation in a single trait to different intensities o f 
biased transm ission.
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Eerkens and Lipo (2005, 321-326) begin by sim ulating the am ount o f  variation 
expected between lineages under unbiased, conform ist-biased, and prestige-biased 
transm ission. Variation was generated in a m anner that approxim ated a m axim um  3% 
copying error (based on the W eber fraction for visual m easurem ent o f line length— a 
theoretical m agnitude o f  cognitive error) from the previous generation. Using the 
coefficient o f  variation (CV) statistic, variation in unbiased transm ission is shown to 
constantly increase, while variation in biased transm ission is strongly suppressed. The 
variation structures o f  populations affected by different degrees o f  transm ission bias are 
illustrated in Figure 3.3. Variation was m arkedly less even when biases were set to 
probabilities as low as 0.05. In general conform ist bias is a much stronger constraint on 
variation than prestige bias.
Eerkens and Lipo (2005, 326-329) then com pared their simulation results with 
C V ’s calculated for: 1) basal w idths and thicknesses o f  Rose Springs projectile
points— associated with the introduction o f  bow and arrow technology into what is now 
Owens Valley in California (Bettinger and Eerkens 1999, 234-236); and 2) vessel 
thicknesses and diam eters for W oodland period ceram ics in Illinois— associated with 
changes in residence patterns, agricultural intensity, and subsistence diversity (Braun 
1987). CVs for basal widths o f  points rem ained stable then decreased dram atically 
starting at the m idpoint o f  their 1500 year duration. Since variation did not increase, 
random copying (the null hypothesis) was rejected (Eerkens and Lipo 2005, 326-327). 
Further, the rapid decrease in CVs suggests a selective m echanism  for optim ising point 
dim ensions. Point thickness, however, showed an increase in variation over time, one 
that could be explained by a 5.8%  copying error (Eerkens and Lipo 2005, 326-327). 
CVs for wall thickness changed very little over tim e despite significant changes in the 
modal thicknesses. This suggests that stabilising selection may have been limiting the 
am ount o f  variation perm itted for this important perform ance param eter while other
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a) unbiased 
transmission
b) 5% conformist 
biased transmission
c) 50% conformist 
biased transmission
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1000
Figure 3.3: Three simulations o f neutral cultural evolution o f a continuous trait in a
population o f 10 individuals: a) unbiased vertical transmission; b) 5% conformist biased
transmission; and c) 50% conformist biased transmission. Conformity defined as adopting the 
average value o f the previous generation. Copying error is set at 3% maximum
selective m echanism s sorted actual thickness values as the perform ance dem ands 
changed (Eerkens and Lipo 2005, 328-329). D iachronic patterns in C V ’s for pot
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diam eters was m uch more dynamic, falling significantly in the first third o f  the 1800 
year sequence, levelling o ff in the second third, and rising sharply again in the last third. 
The first set o f  changes likely reflects increased conform ist biases as certain vessel 
forms becam e increasingly standardised (Eerkens and Lipo 2005, 329). When the CVs 
for vessel diam eter begin to increase, they do so at a rate significantly above the 
expected rate o f  copying error. This indicates that the new variants were intentionally 
designed, invented, adopted, or as Eerkens and Lipo (2005, 329) put it, “due to 
processes that were above our hypothetical perception threshold.”
The model put forward by Eerkens and Lipo provides one possible means o f 
exploring the interaction between transm ission biases and neo-Darwinian sorting 
m echanism s. It can be refined and extended to take the vagaries o f  different 
technological regim es into account. Indeed, it may prove especially valuable for 
exam ining patterns o f  variation in m etallurgy— and pyrotechnologies in general— where 
continuous variables hold greater explanatory significance than they typically do in the 
analysis o f  artefact form.
Technological Change and Evolution
Change and neo-Darwinian evolution are not synonymous, the form er 
recognised by differences in phenom ena across tim e and the latter by inherited 
hom ologous structures. While there have been num erous evolutionary studies 
docum enting the transm ission o f m orphological characteristics across tim e and space 
(e.g., O ’Brien et al. 2001; Lipo et al. 1997), there are none that have succeeded in 
tracking the transm ission o f  technological characteristics (those involving production 
and use) across time. The reason for this is sim ple— because traits that have explicit 
cost-benefit or fitness implications are subject to selection, they are expected to 
correlate with environm ents and likely to represent analogous relationships through
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time. This has led to a strategy o f  building lineages from selectively-neutral 
hom ologous traits and explaining them with functional analogous traits (e.g., Allen 
1996). Such a strategy can be problem atic when the traits used for constructing the 
lineage (e.g., design elem ents on pottery) may have evolved through very different 
transm ission pathw ays than those used to explain it (intrinsic technological features o f  a 
ceramic vessel). W hether or not this linkage is appropriate may also depend on the 
perspective o f  analysis (i.e. the hum an or artefact population).
M ost evolutionary studies o f  technological change have largely assum ed 
inheritance and proceeded with an analysis o f  perform ance characteristics relative to a 
particular selective regime (e.g., Braun 1987; Hughes 1998; K ornbacher 2001; O ’Brien 
et al. 1994; Pfeffer 2001; W ilhelmsen 2001). In this regard, they are very little different 
from the technology life histories approach discussed in the previous chapter. Braun 
(1987) form ed a series o f  coevolutionary hypotheses to explain changes in mean pottery 
wall thickness over 800 years in the central m idwestern region o f  the United States. 
Four interacting trends with varying rates o f change were exposed through a detailed 
tim e-series analysis. Trend 1 (2200-1800 B.P.) represents an early demand for thicker 
walled pottery associated with increased sedentism , settlem ent aggregation, and 
increasing house-floor sizes. Braun (1987, 277-278) argues that the size increases are 
the result o f  a social environm ent favouring increased ceram ic-size diversity. Trend 2 
(2200-1400 BP) represents a much stronger and prolonged dem and for thinner walled 
pottery. This trend is evidence o f  selection for increased therm al efficiency o f  cooking 
pots and is accom panied with several changes in ceram ic production technology, 
increased use o f  starchy seeds, and increased fertility (Braun 1987, 275-277). Trends 3 
and 5 (1900-1250 BP) combined to form a cyclical shift in demand for thick and then 
thin-walled pots. These fluctuations correspond to clim atic changes that would have 
constrained the use o f  certain food-plants as well as a sharp rise in M aize cultivation
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during trend 5 (Braun 1987, 278-279). Trend 4 was deem ed irrelevant by Braun (1986, 
282).
If  there is a difference between evolutionary explanations for technological 
change and those generated by technological life history program m e, it is to be found in 
the scale o f  explanation. W hereas the behavioural theorists have focused on proxim ate 
level rational decision-m aking w ithin w ell-defined historical contexts, evolutionary 
theorists attribute causal significance to ultimate level m echanistic m echanism s like 
selection and drift. The significance o f  this difference for technology studies is small, 
except for studies concerned with innovation, transm ission, and the constraints these 
m echanism s introduce.
Summary
N eo-D arw inian theory is a scientific fram ework for explaining diversity and 
change in populations composed o f varying individuals that replicate with different 
degrees o f  success across space-time. The actual substrate o f  the phenom ena is 
immaterial so long as information varies in content and is transm itted from one 
generation to the next. Cultural phenom ena such as learned behaviour and artefacts are 
the physical m anifestations o f  transmitted information. Som etim es these m anifestations 
will interact with their environm ent in a way that affects their chances o f replication, 
resulting in selective assortment. O ther times they may be transm itted and replicated 
differentially through random sampling errors, resulting in selectively neutral 
assortm ent or drift. And at other times, the very means by which a behaviour or artefact 
form is transm itted may constrain its distribution. The ultimate outcom e for the 
population, however, is always the same— descent with m odification.
The application o f  evolutionary theory to technology can provide insight for 
problem s concerning innovation processes, technology’s role in society, organisation o f
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technological system s, transm ission o f technological knowledge, and technological 
change in general. M uch o f  the increased understanding stems from what evolutionary 
theory predicts about the structure o f  variation under different selective regimes. 
Analytical perception o f  this structure is made possible only through formal models and 
unam biguous system atics. The result o f  a com plete Darwinian investigation is a 
testable evolutionary narrative.
The nature o f technological systems dem ands that a relatively unique set o f  units 
and analytical m ethods be constructed to sort out the peculiar challenges and constraints 
associated with each. W hile general evolutionary m odels should be applicable to all 
cultural system s, they do have to be co-opted for the kind o f  data that is actually 
available. The next chapter begins with a discussion o f  basic ironworking principles 
and will serve to highlight some o f  the unique characteristics o f  this technology’s 
artefacts. Following from this discussion, a series o f  m odels are constructed to explore 
the evolutionary history o f  iron production in northwest W ales.
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Chapter 4: 
Principles of Bloomery Ironmaking Technology
The previous chapter argued that neo-D arw inian evolutionary theory provides an 
elegant m eans o f  linking the imm anent and configurational properties o f  technology 
into a coherent and em pirically testable investigative fram ework. The goal o f  this 
chapter is to introduce basic concepts in iron production technology. Discussion o f 
ironm aking practices is restricted to the primary production o f  iron by means o f  the 
direct process (i.e. bloomery smelting) and subsequent sm ithing o f  the raw metal into a 
specified object. Potential sources o f  variation in technology are highlighted and will 
inform the system atics and models proposed in chapter 5 for investigating the evolution 
o f  iron production.
M uch o f  the technical information summ arised below is now ingrained 
m etallurgical orthodoxy— though not always perfectly understood— and may be found 
in any o f  the standard textbooks on the subject. For a more thorough discussion o f  the 
topics brought up here, the reader is referred to Buchw ald’s (2005) Iron and Steel in 
Ancient Times’, C allister’s (1997) Materials Science and Engineering, fourth edition, 
C raddock’s (1995) Early Metal Mining and Production’, P leiner’s (2000) Iron in 
Archaeology: The European Bloomery Smelters’, Rostoker and Bronson’s (1990) Pre­
industrial Iron: Its Technology and Ethnology’, and Tylecote’s (1986) The Prehistory o f  
Metallurgy in the British Isles.
Principles of Bloomery Smelting
Sm elting refers to the intentional reduction o f  m etallic m inerals to metal by 
therm o-chem ical separation o f  non-metallic constituents in the form o f  gas or slag. This 
occurs over a limited range o f atm ospheric conditions specified by the free energy
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pathways o f  relevant chemical reactions. These represent the physical constraints that 
all sm elting operations m ust maintain. Four param eters are particularly important for 
this process: 1) low partial pressure o f  oxygen; 2 ) relatively high proportion o f  carbon 
m onoxide (CO) acting as the reducing agent; 3) sufficient heat energy to feed the 
endotherm ic reduction processes; and 4) adequate tim e for the reactions to take place. 
The actual range o f  conditions exploited is further limited by technological and 
resource-based constraints, or rather the ability to construct a viable smelting 
environm ent. This environm ent has to be artificially constructed inside reaction vessels 
such as crucibles or furnaces.
Bloomery iron smelting involves the reduction o f  iron-rich minerals, including 
hematite (Fe2 0 3 ), m agnetite (Fe3C>4), goethite (H Fe02), limonite (FeOOH), and siderite 
(FeC(>3). All reactions take place inside a furnace. The heat energy necessary for 
reducing these m inerals is generated by the highly exotherm ic reaction:
2C + O 2 —* C O 2 1 Formula 4.1
The reaction is induced by burning charcoal or some other carbon-rich fuel in 
the presence o f  oxygen (O 2) to produce heat and carbon dioxide (CO 2) gas. Some o f  the 
resulting heat is spent driving a reaction between the CO 2 and unconsumed carbon-rich 
fuel to produce the essential reducing gas carbon m onoxide (CO).
C  + C 0 2 -► 2C O  T Formula 4.2
The ore portion o f  the charge initially becomes increasingly oxidised in the 
cooler regions o f  the furnace then begins to react with CO as it makes its way down the 
stack. CO flows through pores in the now fully oxidised ore and reduces the iron oxides 
via the following sequence o f  reactions:
3 Fe2 0 3  + C O  —► 2 Fe3 0 4  + C O 2 T Formula 4.3
Fe30 4 + C O  ->  3FeO  + C 0 2 f  Formula 4.4
FeO  + C O  —► Fe + C 0 2 T Formula 4.5
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These reactions are largely energy consum ing and require significant quantities o f  heat 
to drive them  to com pletion.
600 “C
800 °C
Reduction
Shaft
1000 “C
Combustion
Blowhole
Figure 4.1: Generalised depiction of a bloomery furnace. Isotherms 
show how the temperature changes within the furnace as distance 
increases from the combustion zone.
Tem peratures inside typical bloomery furnaces (Figure 4.1) are raised to 1100-
1400 °C in the com bustion zone (Bachmann 1982, 10; Craddock 1995, 199; Tylecote
1986, 129) and become progressively cooler towards the top o f  the shaft or mouth o f  the
furnace. Because o f  the high oxygen content o f  the com bustion zone, no reduction is
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likely to take place here. Reducing conditions are much greater just above the 
com bustion zone in what is usually term ed the reduction zone. W hen tem peratures are 
high enough (> 800 °C), direct reduction o f  iron oxide by solid carbon can take place. 
W hile this is not the predom inant reduction reaction taking place in a furnace, it may 
have an im portant role to play in initiating bloom form ation. The m orphology, location, 
and distinctiveness o f  different furnace zones are functions o f  furnace design, operation, 
and available resources. Indeed, the size and location o f  zones changes in complex 
ways even within a single smelt. Controlling them, if  only indirectly, is extremely 
important since the length o f  time that iron m inerals rem ain in each zone (residence 
time) affects the nature o f  bloom formation and the quality o f  the metal.
Bloom Formation
Pure m etallic iron does not melt until it reaches its melting point o f  1538°C. 
Thus, one o f  the characteristic features o f  bloomery sm elting is the solid state reduction 
o f  iron oxides. That is to say, the final state o f  the metal is solid, not liquid as in the 
blast furnace process. Small particles o f  metallic iron begin to sinter together, gradually 
form ing an entangled network called a bloom. In experim ents and ethnographic 
reconstructions, the bloom is often found to form on the furnace wall ju st below the 
tuyere or blowhole (but see Sauder and W illiams 2002 for a different result and set o f 
interpretations).
The precise m echanism s responsible for bloom form ation are debatable, and 
probably vary across space-time, if not between individual smelts. Gordon and Killick 
(1992, 160) suggest that several different processes were responsible in the Am erican 
bloomery process, including the direct reduction o f  m agnetite grains followed by 
mechanical agglom eration and the indirect reduction o f  excess iron oxide dissolved in 
the slag. In this example, the authors felt that bloom form ation began with the latter
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process, which caused the precipitation o f  iron rims around charcoal particles. These 
then served as nucleation points for the directly reduced ore grains.
Others have argued for a primary production o f  liquid cast iron (iron with 
between 2 and 5 w t%  carbon with a m elting point as low as 1147°C at the eutectic point 
o f  4.3 wt%  carbon) which then collects in the com bustion zone where it is subsequently 
decarburised and solidifies. Evidence for this form ation process is found in the 
recovery o f  small cast iron spheres (David et al. 1989, 196; Pleiner 2000, 132). It 
should also be rem em bered that other alloying elem ents such as phosphorus and 
manganese will also reduce the m elting tem perature o f  iron. W hether the evidence is 
sufficient to suggest a normal mode o f  bloom form ation or simply represents extreme 
localised conditions is unclear. The actual bloom form ation m echanism s are likely to 
vary between different iron production systems and their locally available resources. 
Regardless, bloom form ation processes are always aided by the production o f  a fluid 
slag.
Slag Formation
Iron ores never consist o f  pure iron m inerals and include varying quantities o f 
unwanted gangue minerals, the most abundant o f  which is normally silica (Si0 2 ). 
Impurities not rem oved from the ore through m echanical processing must be removed 
therm o-chem ically in the form o f  gas (volatile elem ents only) or dissolved in a liquid 
slag. The m elting point o f  pure silica is 1723 °C. This is much higher than typical 
furnace operating tem peratures and requires that some chemical means be found for 
lowering the m elting point o f  gangue minerals. Fluxes are substances that react with 
other m aterials in order to form a new phase with a lower m elting tem perature. Iron 
oxide is a flux for silica and upon reaction forms the new phase fayalite (FeiSiCU):
2FeO + SiC>2 —► FeiSiO* Formula 4.6
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This phase has the twin advantages o f  m elting in the same tem perature range 
(around 1200 °C) that bloomery furnaces typically operate and having a low viscosity 
relative to tem perature. O ther oxides, particularly m anganese oxide (M nO) and lime 
(CaO), can also serve as fluxing agents. Their use provides the additional benefit o f  
substituting for iron in fayalite and thus elevating the yield o f  metal. This can, as in the 
case o f M nO, lead to the need for slightly elevated tem peratures. Sufficient quantities 
o f  lime can promote the form ation o f  pyroxene (Fe, Mn, M g)CaSi2 0 6 , m aking even 
more iron available for the bloom. M ost iron ores are self-fluxing and do not strictly 
require further additives to ensure a fluid slag (Craddock 1995, 244).
Silica, m anganese oxide, and lime are, o f  course, not the only ore contam inants. 
Others o f  consequence include alum ina (AI2O 3), phosphorus oxide (P2O 5), and arsenic 
(As). A lum ina and T i0 2  are removed in the slag, but phosphorus and arsenic partition 
into the metal and atm osphere as well as the slag. M elting furnace walls, tuyeres, and 
small am ounts o f  fuel ash will also be dissolved in the slag, affecting its viscosity and 
final chemical and phase compositions (Craddock 1995, 146).
A low viscosity slag is desirable for two reasons. First, it is much easier for iron 
particles to congeal if  its medium is free-flowing. Secondly, the more fluid a slag is, the 
greater its separation is from the bloom. The degree o f  separation is directly 
proportional to the net metallic yield. Viscosity is largely controlled by two factors—  
tem perature and chemistry. Generally, a tem perature between 1200 and 1300°C is 
desirable in order to create a low viscosity fayalitic slag without melting too much o f  
the furnace lining. M elting o f the lining results in significant increases o f  silica and 
alum ina in the slag, both o f  which greatly increase the viscosity o f  slag (Bachmann 
1982, 19).
Once formed, a low viscosity liquid slag provides three beneficial functions. 
First, it serves as a medium that facilitates the transport and collection o f  solid iron
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particles into a bloom. Second, molten slag acts as a heat reservoir— helping to 
conserve the energy needed to drive endotherm ic reactions. Third, it protects the bloom 
and unattached iron particles from oxidation when they enter the com bustion zone. Far 
from being a wasteful enterprise, slag production is an indispensable part o f  the 
bloomery process.
It is impossible to deny that the bloomery process does not generate iron as 
efficiently as a cast iron system given that so m uch iron is lost to the slag. Estimating 
the efficiency o f  a smelting system is a relatively simple m atter if the am ount o f  FeO is 
quantified for the ore and the slag. The relationship is graphically represented in Figure 
4.2. The effective ore quality is dampened if the slag com position includes furnace wall
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Figure 4.2: Percentage of iron extracted from the ore as a function of FeO abundances in 
the slag and ore (modified after Schurmann 1958, Figure 12)
or fuel ash constituents. The effect is dem onstrated in Figure 4.3. W hile these
calculations may be fairly straight forward, the problem o f  determ ining archaeological
iron production yield is much more complicated. D eterm ining the representative ore is
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Figure 4.3: Changes in the relationship between ore and slag FeO contents as the slag
chemistry becomes increasingly influenced by melted clay from the furnace wall
(adapted from Schurmann 1958, Figure 12)
not always possible and, even if it is, efforts to concentrate iron oxides in the ore might
not be inferred from the available evidence. A second and more significant problem is
determ ining the proportion o f non-ore influences on slag chemistry. Possible solutions 
to both are discussed in the next chapter.
As a smelt continues, slag is either allowed to pool at the bottom o f  the smelting 
furnace (Craddock 1995, 244), drained into an underlying pit, raked out, or tapped 
(Bay ley et al. 2001, 11). If the slag is tapped, cam paigns can be run for longer periods 
o f  time in order to create a larger cleaner bloom (Craddock 1995, 245-246; Crew 2006, 
personal com m unication). The culm ination o f  the sm elting process occurs when the 
bloom is rem oved for smithing. Before m oving to this stage o f  ironmaking, however, it 
is appropriate to discuss the various components required to carry out a successful 
smelting campaign.
O re  c o n tr ib u tio n  to  slag
A s s u m i n g :  0 r e = 7 0 %  F e O ;  C l a y = 6 %  F e O ;  n o  f u e l  a s h
95
Ingredients for Bloomery Production
Ironm aking requires the procurem ent o f  a substantial num ber o f  raw materials 
and their subsequent processing. These can include ore, wood, clays , and various other 
items necessary for furnace construction (e.g., stones, blocks o f  slag, sand, animal hides, 
clay pots) and operation (e.g., flux minerals and ritual items). The kinds o f  m aterials 
used and the m anner by which they are acquired and processed will inevitably influence 
how a particular bloomery technology is made m anifest and the attributes o f  its 
products. They will also bias its relation to other aspects o f  the local and external 
socioeconom y. The relative accessibility o f  required resources will also have some 
effect on the geographic distribution o f  production sites. All o f  these factors play a role 
in calculating the costs and benefits o f a particular iron production strategy and must be 
given due consideration in analysis.
Ore
Ores are defined as minerals and geological conglom erations having one or 
more valuable constituents that can be econom ically extracted. Bloomery smelting 
typically requires ores that are extremely rich in iron (FeO »  65 wt% ) with gangue 
m inerals com prised mostly o f  silica and a host o f  others in small quantities. Iron ore is 
relatively ubiquitous on the surface o f  the earth, though its properties can vary 
considerably from place to place. The cost and means o f  ore procurement and 
processing depend heavily on the kinds o f  ore that are locally available. Typical iron 
ores have already been noted to include the m inerals hematite, m agnetite, goethite, 
limonite, and siderite.
In the m ountainous regions o f  northwest W ales, the dom inant sources are bog 
ores form ed through secondary deposition o f  iron-rich m inerals (usually goethite and 
limonite). M anganese rich bog ores are also comm on due in part to the presence o f  the
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Harlech manganese dome. Morphologically, these ores tend to resemble rusty lumps o f 
slag. Close inspection, however, typically reveals them to be conglomerations o f 
sediment with small grains rusting into one another (see Figure 4.4). Some tend to be 
rather hard and stony while others, especially the manganese-rich varieties, tend to be 
friable. Ore colour tends to vary from a dull yellow to red, though manganese-rich 
examples tend to be dark greyish brown or black.
Figure 4.4: Typical bog ore varieties found in northwest Wales
Ore processing includes concentration and roasting. Concentrating iron oxides 
in the ore is accomplished by the mechanical removal o f  unwanted gangue minerals. 
This can involve crushing, selection, washing, and even magnetic separation during the 
nineteenth century. Gordon and Killick (1993, 251) report that careful concentration o f 
Adirondack ores resulted in an average increase o f  iron (Fe) content from 53 to 67 wt%. 
However, it is often impossible to tell what kinds o f  beneficiation took place in the 
archaeological record. Schmidt (1997, 56-58) notes, for example, that Tanzanian 
ironmasters beneficiated ore at the site o f procurement.
Part o f  the preparation process involves crushing the ore to an appropriate size. 
One the one hand, ore lumps are less easily reduced if  their surface to volume ratio is 
low (i.e. the particles are relatively coarse). On the other hand, if the ore is too fine, it
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can potentially block the flow o f air through the furnace and cause a decrease in 
com bustion tem perature. Clearly this is an extremely important param eter, but does 
vary according to the specific nature o f the ore and can influence the trajectory o f a 
bloomery technology. At the Rom ano-British site o f A shw icken, ore lumps averaged 6  
x 2.5 x 2.5 cm (Tylecote 1986, 131). In contrast, the Am erican bloomery process in the 
A dirondacks required that the ore be crushed to fine sand (Gordon and Killick 1993, 
251).
Some ores undergo roasting as part o f  the preparation procedure. Roasting 
involves exposing the ore to tem peratures between 400 and 800 °C. This process has 
two important effects. First, it converts metal hydroxides, sulphides, chlorides, and 
carbonates into more easily reduced or chemically workable oxides (Craddock 1995, 
167). Second, and more importantly, roasting causes the ore to become more porous 
and friable. This eases subsequent beneficiation and increases the o re’s surface to 
volume ratio. To some extent, all ores will be roasted in the upper, more oxidising 
tem perature zones o f  the furnace. W hether or not this procedure should be undertaken 
as a separate activity depends on the properties o f the ore. Naturally soft and porous 
ores, like bog ores, are unlikely to benefit significantly from roasting before entering the 
smelting furnace. Hard, non-porous haematite ores will be made much more reducible 
by having extended periods o f roasting and followed by crushing to an appropriate size. 
The degree to which roasting is observable in the archaeological record depends both on 
the variety o f ore used and the scale o f  operations. Several purported roasting hearths 
have been identified in the archaeological record (e.g., Cleere 1971, 208; Marechal 
1985, 37-38; see also Wilson and W right 1965, 218, 220). However, in Schm idt’s 
(1997, 78) Tanzanian reconstruction, ore roasting was done inside the furnace pit prior 
to smelting. A poem written in 1612 by W alenty Rozdzienski has this to say about bog 
ore preparation:
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There is still another ore having different properties. It is found in bogs in 
ample amounts, lying under the water beneath the vegetation. It is called bog 
ore, but for its virtues it might be called golden ore. It is very easily smelted, 
requires no roasting, only to be washed free from sand. It exceeds every kind 
o f ore in its yield but gives a very brittle iron... (Rozdzienski 1976[1612],
73)
W hile C rew ’s earliest iron production experim ents did involve roasting bog ore, his 
later work confirm ed R ozdzienski's statement in relation to low shaft furnaces (Crew 
2006, personal com m unication). This is because bog ores are relatively easy to crush 
before roasting, as well as the fact that bog ores are naturally porous. This gives them 
significantly greater surface to volume ratios.
Fuel
W hile good quality iron ore is relatively abundant, good fuel sources are much 
less so. Charcoal constitutes the most important fuel source for bloomery smelting. 
O ther potential fuel sources included timber, peat, dung, and coal (Craddock 1995, 195- 
196). O f these, at least coal was used occasionally in the American bloomery process 
(Gordon and Killick 1992, 164). Peat has been docum ented in Britain (though it does 
not seem to have been used widely), and a few exam ples o f  wood (probably from 
furnace ignition) have been identified in furnace slag (Tylecote 1986, 131). Wood does 
appear, however, to have been the exclusive fuel used in some Norwegian bloomery 
furnaces (Stenvik 2003b, 124). Wood is not just required for smelting, but is important 
for other industries as well. This means a much higher demand on tim ber resources and 
a correspondingly higher cost for them. Indeed, fuel was typically the most expensive, 
yet essential, ingredient o f  iron smelting. Additional costs were sometimes incurred by 
em ploying unskilled labourers to fell trees and highly specialised colliers to make 
charcoal (Gordon 1995, 33-36).
Some evidence exists for the intentional procurem ent o f  specific tree species for 
m aking charcoal. It is well documented that different tree taxa produce charcoal with
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varying physical, chemical, and therm odynam ic properties. Pleiner (2000, 115-116) 
notes that charcoal produced from many broad-leafed species releases high quantities o f 
carbon m onoxide between 800-1000 °C, and also tends to be rather dense and strong. 
Charcoal made from conifer species produces high quantities o f  carbon m onoxide 
between 600-800 °C, but tends to be soft and burns quickly. Similarly, Crew (1995, 
224) notes that charcoal from alder burns much hotter than oak, and may have been 
sought for specific technological reasons such as smithing.
Charcoal is made by partially combusting wood in an atm osphere with reduced 
access to air (Craddock 1995, 189). There are many different ways to make charcoal, 
and these probably reflect the degree o f  specialisation in its production as well as the 
availability o f wood. Two methods o f  production are archaeologically and historically 
docum ented in Europe. The first involves burning wood in covered pits, while the 
second consists o f  burning wood stacks covered with earth (Craddock 1995, 191-192). 
The latter method is well documented for historic times and known from at least one 
Rom ano-British site (Craddock 1995, 192-193).
Like ore, the size o f  wood and charcoal clum ps can dram atically affect the 
smelting process (Craddock 1995, 192-193). These averaged 3-8 cm 3 at Ashwicken 
(Tylecote 1986, 132). Thus, some crushing and size sorting o f  charcoal is necessary 
before blending it with the ore.
Furnace Construction
Bloom ery furnaces can be constructed in a variety o f different ways and take 
many different forms (e.g., Killick 1991; Pleiner 2000, 145-195; Rostoker et al. 1989, 
12-13). Typical construction m aterials include clay, wood, stone, slag, and virtually any 
com bination o f  these. Brick and cast iron plates are comm on features o f  later historic 
bloomery furnaces in North Am erica and Europe.
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It is an unfortunate fact that few surviving furnace structures exist to provide 
detailed analysis o f  their design and construction before historic accounts. Nonetheless, 
archaeology has revealed that most prehistoric furnaces were relatively simple 
structures with clay shafts, sometim es utilising wood or wattle supports. Pleiner (2000, 
273) provides rough schem atics for some o f  the more comm on forms suggested by 
European archaeology.
The m ost important features o f  furnace design (at least from a functional 
standpoint) are the air supply mechanism and its placement, shaft height and thickness, 
and internal furnace morphology. In order to maintain high tem peratures, air is forced 
into the furnace through blowholes or tuyeres (tubes— usually clay). This may be done 
by either natural draft (created by a chimney or wing effect) or induced draft with the 
mechanical aid o f  bellows (Craddock 1995, 174-177, 180-185). In the former, pressure 
differentials are created between the internal and external furnace environm ents causing 
air to rush into the furnace through available openings. Both systems carry additional 
design constraints and vary tremendously in terms o f  the force and rate o f air flow into 
the furnace. The only primary engineering constraint seems to be the distance the flow 
o f  air can penetrate into a fully charged furnace, typically no more than 50 cm from the 
side o f  the furnace wall. Bellows are alm ost certainly the more effective device since 
air can be delivered with much greater force. The optimal use o f either system probably 
has more to do with topographic and labour constraints than with furnace conditions per 
se (Killick 1991, 50). The angle at which air enters the furnace is much more important, 
as this param eter helps to control the size, shape, and position o f  the com bustion zone. 
The size o f  different tem perature regimes within a furnace are also a function o f  shaft 
height and diam eter. As the shaft height increases, tem perature zones expand and grade 
more smoothly into one another. Taller shafts in natural draft furnaces increase the rate 
o f  air intake through the tuyeres. The diam eter o f  a shaft can influence the size o f  a
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tem perature zone, com pacting the combustion zone it and pushing it upward. Shaft 
thickness is important for heat retention. In general, furnaces with thicker walls will 
retain more heat than those with thinner walls. Finally, the internal morphology o f  a 
furnace also has an important impact on the shape o f  different tem perature zones within 
the furnace. Therm odynam ic variability is also influenced by furnace construction 
m aterials, ore species, and fuel type.
Furnace Operation
Furnace operation includes four basic activities: 1) m onitoring furnace
behaviour; 2) regulating the air flow; 3) loading the charge; and 4) m aking m inor repairs 
and adjustm ents to the configuration. An additional activity may be added if the 
furnace requires the removal o f  slag during the smelt. The first activity may be thought 
o f  as an overriding process that takes in information and issues com m ands for the 
rem aining three. Observations are made on tem perature, status o f  the bloomery process, 
and status o f  the furnace. Tem perature can be m onitored by observing the colour o f the 
combustion zone (i.e. by looking through a blowhole, tuyere or the furnace arch) as well 
as by feeling the heat em anating from various points in the furnace. The status o f  the 
furnace run can be estim ated by: 1) observing indications o f  gas emissions from flame 
colour at the top o f  the furnace, or smell; 2 ) detecting changes to air flow through direct 
resistance feedback from bellows or visually/probed identification o f tuyere blockage, 
3) hearing changes in the furnace ‘breathing’ cycle; and 4) m echanically probing o f  the 
smelt. Finally, the furnace itself may develop cracks and the tuyeres may become 
blocked or forced out o f  alignment. The m aster sm elter needs to consider the interplay 
between all o f  these parameters in order to make subsequent decisions concerning the 
smelt.
Air flow controls both the pace and tem peratures o f  the sm elting run. Because it
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provides the oxygen for com bustion, the air flow is also important for controlling the 
reducing conditions. Air flow is regulated in a bloomery furnace through adjustments to 
the tem po and force o f  bellows operation or by m anaging the num ber and size o f  open 
tuyeres. As air flow increases, the size and tem perature o f  the com bustion zone 
increases. M aking sure that the tuyeres or blowholes are free from slag and melting 
wall material is also essential to keeping the furnace behaviour stable.
The charge consists o f the ore, fuel, and flux ( if  used). How these elem ents are 
fed or loaded into the furnace influences bloom placem ent and, most importantly, 
reducing conditions. Though bloom formation m echanism s are not fully understood, 
there is some evidence that smelters could control its shape and location by loading the 
ore in specific ways. Gordon and Killick (1992, 160-161) argue that American bloom 
smelters skilfully placed ore into the furnace so as to cause the bloom to form and 
maintain a depression in the top surface. This bowl was intended to hold a pool o f 
liquid slag through which iron particles would settle to the bloom. Reducing conditions 
o f the smelt are controlled in large part by adjusting the fuel to ore ratio o f  the charge 
and, while a simple operation, has critical consequences. Inadequate reducing 
conditions lead to sm aller yields and much wasted iron. Stronger reducing conditions 
(higher CO /CO 2) can cause carbon to alloy with particles o f  iron to form steel (Fe with 
up to 2%  C) or cast iron (Fe with 2 to 5% C). While iron-carbon alloys have many 
superior strength and hardness qualities com pared to pure iron, they also become 
increasingly difficult to smith as carbon content rises. Cast iron is virtually unusable 
without expending significant effort in decarburisation. However, it does not mean that 
such efforts were not sometimes made. Nadine D ieudonne-G lad (n.d., 112-115), for 
instance has provided strong evidence that ironworkers at the fourth century AD site o f 
Oulches sorted iron fragm ents according to their hardness (a proxy for carbon content) 
and then treated them  with an appropriate process to make them forgeable. Indeed, 8  o f
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25 samples examined m etallographically were cast iron, some o f  which showed clear 
signs o f  decarburisation. There is also evidence that glassy, blast furnace-like slags 
were intentionally quenched and shattered in order to extract high-carbon iron spheres 
(D ieudonne-Glad n.d., 63-64).
Depending on how a furnace is designed, the wear and tear o f  smelting can lead 
to wall cracking and erosion, blocked or eroded tuyeres and blowholes, and bellows 
m isalignment. Furnaces made from clay will dry out during the course o f  the smelt 
causing cracks to form, which if not repaired, could lead to wall collapses. Such cracks 
are easily repaired during smelting by applying a slurry o f  clay or lute. Tuyeres and 
blowholes often get blocked with slag or melting furnace wall during the course o f a 
smelt. These can be cleared manually with a wooden or metal probe. A potentially 
more serious problem occurs when using manual bellows. Constant cyclical motion can 
cause jo in ts to loosen and cause m isalignment o f  the air blast. This, too, must be 
monitored and adjusted as necessary to ensure a successful smelt.
If the furnace is slag-tapping, then care must be taken to release the flow o f  slag 
at appropriate times. Tapping too soon results in unwanted heat losses, while tapping 
too late can cause the furnace to seize. Precise indications that the furnace should be 
tapped are uncertain. M uch probably resides on the experience o f the smelter, though 
Tylecote et al. (1971, 352) stated that the “deep booming sound" o f  bubbling slag was 
the appropriate signal for them to tap one o f  their experiments. Crew (2006, personal 
com m unication) has also heard sim ilar sounds during some o f  his experim ents, but his 
experience suggests that this may not be typical.
Properties of the Bloom
Blooms are often assumed to be composed o f  ferritic iron and accom panying 
slag inclusions. This, however, is but one extreme o f  a large range o f  potential
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compositions. Variation in the choice o f  ores, fuels, furnace m aterials, and smelting 
procedures leads to considerable variation in bloomery products. While this is more 
pronounced in slag than in the bloom, the properties o f  the metal are also significantly 
affected. Reducing conditions and the behaviour o f  carbon have already been 
m entioned. O ther import alloying elem ents include m anganese, phosphorus, nitrogen, 
sulfur, copper, and arsenic (see Rostoker and Bronson 1990, 19-24).
Carbon is undeniably the most important alloying elem ent for iron, even in the 
modern world, and is what makes it possible to m anipulate the hardness, toughness, and 
strength o f  iron with such breadth and precision. Iron exists in two stable crystal 
structures at different tem peratures. Ferrite, or a  iron, possesses a body-centred cubic 
crystal structure and is stable below tem peratures o f 912 °C. Austenite or y iron, has a 
face-centred cubic crystal structure and is stable from 912 °C to 1394 °C, at which point 
it reverts back to a body-centred cubic structure ( 8  ferrite) until it melts at 1538 °C. The 
maximum solubility o f  carbon in ferrite is 0.02 wt%  at 727 °C, beyond and below which 
carbon binds with iron to form the metastable com pound iron carbide (Fe^C; cementite) 
up to concentrations o f  6.7 wt%. Austenite, however, can take up to 2.14 wt%  carbon at 
1147°C. Increasing carbon content has a significant strengthening and hardening effect 
in steel with a corresponding reduction in ductility. How much o f  an effect it has 
depends greatly on how rapidly the steel is cooled from Austenite as well as the start 
and end tem peratures. Slow cooling leads to a pearlite m icrostructure— a lamellar 
mixture o f  ferrite and cem entite— and provides a good balance between strength, 
hardness, and toughness. M oderately paced cooling causes the formation o f  bainite, a 
very fine m icrostructure with superior strength and hardness to pearlite. Strength and 
hardness are m aximised with m artensite— a m etastable body-centred tetragonal 
structured phase formed by quenching, or rapid cooling, o f  austenite that prevents 
carbon from diffusing into ferrite or cementite. However, m artensite is too brittle for
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m ost uses. It generally requires heating, or tem pering, at a tem perature below the 
eutectoid (727°C) for a prescribed length o f time in order to yield desired properties. 
The responsiveness o f a plain carbon steel to heat treatm ent when a martensitic structure 
is desired also depends on having a carbon content greater than about 0.25 wt%  
(Callister 1997, 349). Between about 0.1 and 0.2 wt%  C, steels will form so-called lath- 
martensite when quenched which is sufficiently tough to make tem pering unnecessary 
(Hougardy 2006, 131; Rostoker and Bronson 1990, 15). The presence o f  other alloying 
com ponents will also influence the heat treatability o f  steel.
M any o f these properties are manipulated in post-sm elting production stages. 
The degree to which bloomery smelters could control reducing conditions is 
questionable. That it would require a high level o f  knowledge and skill, however, 
seems certain. There exists only a narrow zone o f reducing conditions (CO 2 = 1-3% o f 
all carbon gases) that will produce a steel rather than cast iron bloom (Rostoker and 
Bronson 1990, 89,192).
M anganese is conventionally associated with production o f  steel. M anganese 
oxide was m entioned above as a potential flux for silica that could increase the recovery 
o f iron metal. However, if the environm ent is sufficiently reducing (CO/CO 2 ~ 104 at 
1350 °C), m anganese will be stripped o f  its oxygen and will alloy with iron. This is 
outside the range considered typical for bloomery furnaces but is known to have 
occurred at least occasionally in prehistory (Rostoker and Bronson 1990, 20). 
M anganese offers several advantages for iron and steel. First, it retards the
transform ation process o f  iron from austenite to ferrite and lowers the m artensitic start 
tem perature (W ellbeloved et al. 2006, 35). This increases the ease and extent to which 
steel can be hardened (hardenability). Second, m anganese acts as a mild deoxidiser 
thereby prom oting the uptake o f carbon by iron. Third, the presence o f  manganese 
increases the solubility o f  nitrogen (discussed below). It is also used to remove sulfur
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which can cause the metal to crack during forging (hot-shortness). Tylecote (1962, 191) 
suggested that the use o f  high m anganese bog ores w ould not have been effective for 
prom oting steel production in British prehistory. However, Salter (2005) has shown 
that hypereutectoid steel was used in Britain by the second century AD (evidenced by 
the Carm arthen Billet) and that intra-granular cem entite (iron carbide— Fe3C) 
som etim es radiated from m anganese sulphide (M nS) inclusions.
Unlike carbon, which has only rarely been associated with bloomery technology, 
phosphorus is a com m on com ponent o f  bloomery iron. Up to 2.5 wt%  phosphorus can 
dissolve in ferrite and consequently acts as a powerful hardening and strengthening 
agent. Unfortunately, its tendency to em brittle steel at low tem peratures (cold 
shortness) has given phosphorus a bad reputation in the m odern industry. Its presence 
in ancient bloomery iron, however, is beginning to be thought o f  as advantageous. 
From a sm ith’s perspective, the iron is easily worked and the presence o f  phosphorus 
increases work hardenability. From the consum er’s perspective the iron possesses good 
strength properties and is corrosion resistant. Ehrenreich (1985, 75-82), for example, 
makes an argum ent that some Iron Age blacksm iths in Britain may have intentionally 
chosen high phosphorus iron for specific functions. Indeed, cold short metal may not 
m atter very much if the iron is being used in an agricultural capacity during the summer. 
Further still, much o f  the intuition concerning the detrimental effects o f  phosphorus may 
be a result o f  m isapplying knowledge o f  steel production to a low-carbon environm ent. 
Goodway and Fisher (1988, 22) report that em brittlem ent o f  iron containing 0.25 wt%  
phosphorus was prim arily associated with increasing carbon contents. However, data 
presented by Rostoker and Bronson (1990, 23) shows that the toughness o f  iron 
containing 0.015 wt%  carbon dropped sharply above phosphorus contents o f  0.19 wt%. 
Clearly the role o f  phosphorus in iron and steel needs further experimentation in 
actualistic (non-laboratory) settings.
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N itrogen is another alloying agent that significantly increases strength, hardness, 
and hardenability o f  iron. It also increases wear and corrosion resistance. It does not 
attain the engineering or historical significance o f  iron prim arily because o f  its lower 
absorbability. Iron nitrides have been observed in m icroscopic exam ination o f ancient 
iron (Rostoker and Bronson 1990, 23) but Buchwald (2005, 172) suggests that many o f  
these cases may be m isidentification o f  iron phosphides. Still, W illen et al. (1976, 85) 
make a com pelling argum ent that the biological processing o f  iron (i.e. feeding iron 
filings to poultry then recovering them from their guano) found in legends o f  W eyland 
the Smith may relate to nitriding. This, however, occurs during smithing rather than 
smelting.
The other m etals listed above are primarily detrim ental to iron. All o f  these 
elem ents are detectable in slag, but typically in concentrations well below 0 .1  wt%. 
Sulfur was already m entioned as a substance that makes iron hot short, but does not 
seem to be a particular concern before the large scale production o f cast iron or the use 
o f coal fuel. Copper also causes hot shortness, though it can provide strength and 
corrosion resistance. A rsenic is an interesting contam inant having both positive and 
negative affects. W hile it is a mild hardener o f  iron, the associated brittleness o f  iron 
and steel is usually too great to be o f  practical use. However, its addition in small 
amounts helps to create clean welding surfaces through a process o f  selective oxidation 
and surface enrichment. Arsenic also creates a visible banded structure which could 
have exploited for decorative purposes. If  so, then irons with high arsenic concentration 
should be more frequent in artistic and elite items.
Properties of the Slag
Slag generated by iron production activities is capable o f  yielding significant 
information about the technological recipes that produced them. This information is
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present in their bulk chemical com position, phase com position, and to some extent their 
m orphology. The bulk chemistry o f  an iron slag specim en is derived from the 
chemistry o f  ore, fuel, furnace wall, and fluxing agents as sum m arised in equation 4.1: 
Csiag = C  [(O-Rpeo) + A + L + F -  V] Equation 4 .1
where C  is oxide com position; and the weight percent contributions to com position by 
ore, reduced oxides, fuel ash, furnace lining, flux, and volatile elem ents are expressed as 
O, R, A, L, F, and V, respectively. Bulk chem istry is thus well suited to studies 
focusing on variability in natural resources used in sm elting technology and variation in 
furnace operating procedures when the resources them selves remain constant.
The phase com position o f  a slag specimen is derived from its bulk chemistry, the 
internal furnace environm ent, its location within that environm ent, and subsequent 
cooling conditions. The most comm on phases found in bloomery slag are fayalite, 
wiistite, and glass (Figure 4.5; see Bachmann 1982 for a review  o f other comm on slag
Figure 4.5: Micrograph o f tap slag from Llwyn Du showing blocky 
fayalite crystals—medium grey phase; wiistite—white phase; and 
glass—dark grey phase
phases).Analysis o f  slag phases permits a glim pse at the history o f  single smelting or 
smithing cam paigns, making them well suited to investigations o f  engineering 
performance. In theory, a large num ber o f specim ens (representative o f  the various
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furnace environm ents and cooling conditions that actually took place) from a single 
com ponent assem blage (coupled with relevant experim ental data and relationships to 
m orphological slag types) could be used to infer the chemical and therm odynam ic 
history o f  typical sm elting practices. From these, a num ber o f  second order hypotheses 
could be rendered for furnace operation procedures. In practice, a com plete study o f  a 
sm elting cam paign’s therm odynam ic history has yet to be achieved.
Slag m orphology can be indicative o f  particular technological modes, as well as 
stages o f  iron production. It is generally possible to discern, for instance, differences 
between slag-tapping, non-tapping, and slag-pit technologies based on the size, shape, 
and texture o f  a piece o f  slag. It may also be possible to distinguish smelting slag from 
smithing slag by m acroscopic exam ination alone. Unfortunately, the m orphological 
categories are not defined by an independent set o f  necessary and sufficient conditions 
for class m em bership. They are groups, defined solely on the basis o f  perceived 
similarity, changing with each m em ber that is added or rem oved. This statem ent is not 
meant to suggest that morphological types are without utility. They are good indicators 
for technological differences and, if quantified in sufficient detail, can be used to 
generalise site-specific processes and activities. They may also provide a test for 
hypotheses drawn from chemistry alone. However, they are inappropriate for detailed 
engineering analysis or as units o f  technological transmission. See Chapters 6 , 7, and 8  
for examples o f  site-specific slag types and discussion.
Furnace construction and operation coupled with the choice o f  resources and 
their m ethods o f  preparation constitute both the recipe and ingredients o f  a smelt and are 
reflected in the chemistry o f  bloomery slag. These relationships are com plex and not 
always well defined. Even when controlling for the effects o f  geological variability, 
there is simply no way to infer a smelting recipe from slag chemistry. Gross
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approxim ations can be made, however, by com parison o f  slag with associated ores and 
clays.
Principles of Smithing Slag Formation
Once sm elting is complete, the bloom is rem oved from the furnace with varying 
amounts o f  slag still adhering to it both internally and externally. This slag is knocked 
o ff and expelled through a process o f  repeated heating and ham m ering called smithing. 
Successive stages o f  smithing lead first to consolidation o f  the sem i-coherent bloom into 
a billet, and then a series o f  various perform shapes, and ultim ately the finished product. 
The m aterials used in smithing are roughly the same as those used in sm elting (minus 
the ore), consisting o f  a clay lined hearth, charcoal, and bellows. Unlike smelting, 
smithing takes generally takes place in an oxidising environm ent. However, the 
atm osphere in the hearth must be carefully controlled to prevent the decarburisation o f 
steel if  that is the desired end product. Sm ithing also requires a num ber o f  additional 
tool forms to aid in refining the bloom to an intended form. These can include a variety 
o f tongs, hamm ers, and anvils. In prehistory, stone ham m ers and anvils were common.
Sm ithing is a continuous process that can generally be halted at any arbitrary 
point in the progression from bloom to tool (or decorative item). However, it is more 
often divided into a series o f immediate tasks (Dougherty and Keller 1982, 766-767). 
Some evidence suggests that prehistoric British blacksm iths routinely used three recipe 
classes: 1 ) smithing o f  blooms to fully consolidated billets; 2 ) smithing billets to bars; 
and 3) smithing bars to finished tools and other objects (Crew 1991a, 29). The 
distribution o f  products from different recipes and the locations o f  their manufacture 
have im portant implications for understanding econom ic structures and the nature o f 
trade.
Blacksm ithing also produces slag in the form o f  sm ithing hearth bottoms (SHB). 
These form below the blowing hole o f  the hearth and take a relatively distinctive plano-
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convex shape. Sm elting can also lead to plano-convex slag m orphologies through 
pooling o f  furnace slag at the base o f  a furnace, and through the form ation o f  so-called 
furnace bottoms. This has resulted in the w idespread use o f  the functionally neutral 
term plano-convex bottom (PCB) to describe such slag, even though the functional 
implications o f  PCBs as evidence for smithing usually rem ain unchanged (e.g., Sem eels 
and Perret 2003). The m aterials leading to the form ation o f  SHB are potentially derived 
from six main sources: 1) smelting slag expelled from the object being smithed; 2 ) 
hearth lining; 3) fuel ash; 4) ham m erscale— Fe3C>4 form ed from the oxidation o f  the 
object being smithed; and 5) metallic particles; 6 ) flux— usually silica that reacts with 
the ham m erscale to form liquid fayalite. The last has an especially important role to 
play during welding activities, where the molten material is more easily expelled during 
ham m ering than the solid hammerscale. The liquid slag also prevents excess oxidation. 
Other additives are, o f  course, possible. Serneels and Perret (2003, 472) suggest the 
possibility o f  copper and precious m etals accidentally entering a slag during decorative 
fusing.
SHBs generally represent single units o f  work as deduced from their surface 
m orphologies, orientations o f  freeze planes, and locations o f  porous structures in cross- 
section. All o f  these indicate that the slag solidified in a single freezing episode 
(Serneels and Perret 2003, 472). It is not uncommon for multiple SHBs to be fused into 
a single slag block. The basic model o f  SHB form ation involves the flow o f  liquid slag 
through the hot zone in front o f the hearth’s tuyere or blowhole and solidifying near the 
base. The precise location, size, m orphology, and material character o f  the slag 
conglom eration is a function o f  hearth design, angle o f  air nozzle, force o f  blast, and 
task being undertaken. W hile emphasising the extreme variability in SHB morphology 
and com position, Serneels and Perret (2003, 475) noticed three dom inant types o f 
material present in Swiss SHBs: 1) dense grey slag; 2) sandy-clayey slag; and 3) iron-
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rich rusty slag. The relative amounts o f these m aterials occurring in single SHB were 
used to construct a crude classification from which different kinds o f  smithing work can 
be inferred (Serneels and Perret 2003, 476). A sum m ary o f  these classes, their 
construction and loose inferences is provided in Table 4.1. Despite the potential utility 
o f  such a scheme, its validity rem ains untested and calls for significant class refinement. 
Indeed, it may require a regional scheme based on clusters o f  associated resources.
T able  4 .1 : Serneels and Perret’s classification of smithing slags and the inferences they draw. Adapted 
from Serneels and Perret (2003, 475, Figure 5). SAS— sandy/clayey material; SGD—grey dense 
material; SFR— iron rich rusty material
Class % SAS % SGD % SFR Inference
SAS 100 finishing, working steel, welding
SAS-M 8 0 -9 0 10-20 10-20
SA S-SG D 50 50
SGD-B 10-20 80 -90 hot forging and shaping
SGD 100 hot forging
SG D -SFR 0 -  10 7 0 -9 0 10-20
SFR-M 50 50
SFR 100 bloom smithing or welding
SHBs are not the only kind o f  slag produced in smithing operations. Others 
include spheres and amorphous shapes. In addition to hearth slag, primary smithing 
produces pieces o f  slag that have been flattened on at least one surface as well as 
violently expelled spheres o f  liquid slag that solidifies during its short flight (Crew 
1991a, 29; Crew and Salter 1991, 19). Allen (1986) provides a more detailed 
m orphological analysis o f  small-scale smithing slag, but this level o f  detail may be 
unnecessary for most archaeological purposes.
A m orphous material is harder to explain as it can include large pieces o f  slag 
that stick to a bloom in the early stages o f  smithing, poorly formed SHB, or broken up 
SHB. Indeed, such pieces o f  amorphous slag may actually be more representative o f 
that produced during smithing activities than the more easily identified SHB. One
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interesting result from Peter C rew 's smithing experim ents has been the tendency to 
produce atypical PCB-shaped slags (Crew 1991a, 32; Crew and Salter 1991, 19). The 
frequency o f  PCBs on most sites where smithing took place is suggestive o f  the high 
level o f  control maintained by early ironworkers.
Am orphous pieces o f  smithing slag cannot be visually distinguished from 
smelting slag. There is also a considerable degree o f overlapping m orphology between 
SHB and sm elting slag, particularly furnace slag from non-tapping furnaces. It has been 
suggested that sm ithing slag will tend to be more m agnetic than smelting slags due to 
their higher metallic iron and m agnetite (Fe3C>4) contents. W hile certainly a good 
indicator and provider o f  corroborating evidence, a great deal o f continuity and overlap 
exists between the m agnetic properties o f smithing and sm elting slags. Likewise, phase 
com position analysis fails to provide an adequate resolution because sm elting slag can 
also contain some m agnetite and/or free metallic iron, while smithing slag can be 
dom inated by fayalite.
Distinguishing the slag products o f  smelting and smithing activities is a major 
problem for archaeom etallurgical systematics. Solving it would provide extremely 
valuable information for explaining both the engineering and culture-historical aspects 
o f  iron production. Unfortunately, most researchers either rely on the preponderance o f 
associated evidence to discuss smithing, only analyze visibly distinct SHB and smelting 
slag, or ignore the problem altogether. The two form er approaches do provide 
significant insight into archaeologically m anifested ironworking activities, but are 
incapable o f  dealing with material o f  transitory character. Eschenlohr and Serneels 
(1991) and Crew (2000, 47-48) have suggested the possibility o f  separating smelting 
and sm ithing slag based on their chemical com positions. Eschenlohr and Serneels 
(1991) have been particularly successful in doing so with the slag finds from the site o f 
Les Boulies at Boecourt, Switzerland, though their primary evidence was morphology.
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Summary
Iron-working is a complex social activity that interweaves aspects o f  chemistry, 
m echanics, therm odynam ics, culture, and history. M aking sense o f  iron production 
systems from a technological perspective requires equal attention to both their 
imm anent and configurational properties. Reverse engineering o f metallurgical 
processes from fossil production sites and docum entary evidence leads to hypotheses 
regarding how specific iron production systems functioned in the past. These can later 
be tested and refined with controlled and actualistic em pirical tests. Reverse 
engineering and experim entation generate a wealth o f  information regarding labour, 
material, and environm ental costs, as well as statem ents on general levels o f  knowledge 
possessed by the ironworkers in question. Such studies also produce an observational 
language for com paring iron industries from different tim es and places. Using these 
data to identify and explain the relationships between ironworking and its broader social 
context across space-tim e, however, requires a theory for cultural variation and change.
The following chapter develops a series o f  models for identifying and explaining 
patterns o f  variation in iron production slag. One goal is to construct a system o f  formal 
operations for distinguishing variation caused by underlying resource and activity- 
related constraints. A second is to create a means o f  building technological lineages 
from slag chemistry. The final goal is to model the effects o f  transm ission biases and 
Darwinian sorting m echanism s on slag chemistry. W here possible, the models are 
illustrated and evaluated with examples from published sources and Peter C rew ’s 
extensive body o f  experimental data. These will form the analytical core for 
investigating variation in the iron production systems at Crawcwellt W est, Bryn y 
Castell, and Llwyn Du.
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Chapter 5: 
Modelling the  Evolution of Slag Chemistry
The goals o f  this investigation centre on the identification and explanation o f 
diachronic variation in ironworking technology, especially smelting. Slag provides the 
most com plete and accessible record o f  this variation and inferences drawn from its 
analysis are readily com plem ented with other data when they are available. The first 
step in a study o f  this kind requires the identification o f  m etallurgical slag produced by 
different industrial processes, especially smelting and smithing. This is done by 
m odelling the effects o f  task specific constraints. Next, the effects o f differential 
resource constraints on slag chemistry have to be identified and sorted in order to 
compare material from multiple locations and, to a lesser extent, across time. Analysis 
can then shift to evolutionary concerns by reconstructing pathways o f  technological 
transmission. These are modelled from the cum ulative effects o f  social learning 
processes on iron production recipes (represented by slag chem istry) over time. Once 
established, culture-historical, economic, and engineering-related explanations for 
ironworking traditions can be explored.
Patterns o f  variation in slag chemistry are identified and explained through 
m odel-based applications o f  multivariate statistical techniques. While m ultivariate 
m ethods are relatively common in other areas o f archaeom aterials research, they have 
been much less emphasised in the study o f  ancient ferrous technology (but see Fells 
1983, 141-163, and Hedges and Salter 1979, 168-170). A brief explanation o f  the 
statistical m ethods used in this thesis is given below. This summ ary is followed by a 
detailed discussion o f  the models for investigating the roles o f constraint and 
evolutionary sorting m echanism s for structuring slag chemistry. These are evaluated 
with experim ental data where constraints and slag types are known.
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Multivariate Analysis of Slag Chemistry
When a specim en is analyzed for its chemical com position, the data generated 
takes the form o f  a list o f  m easurem ents across a range o f  specified compositional 
variables. For studies o f  variation, it is necessary to com pare many specim ens, resulting 
in a m ultidim ensional data matrix o f  variables and observations. Such tables o f 
num bers are typically large and complex, m aking it difficult and tedious to derive more 
than a few cursory generalisations. M ultivariate statistical techniques can be invoked to 
aid the extraction o f  archaeologically significant information from the matrix. The 
goals o f  such techniques are ultimately dependant on the nature o f  the investigation, but 
often include data exploration, data reduction, hypothesis generation, or hypothesis 
testing (Bishop and N eff 1989, 59).
Chem ical analysis o f slag and other artefacts is undertaken with the assumption 
that some system atic structure or patterning is present in the data as a result o f  the 
processes involved in the artefacts’ construction. Observed patterns are then assumed to 
have some relevance to archaeological questions. The search for structure begins with 
the application o f  m athematical or graphical operations designed to provide alternative, 
and potentially more meaningful, glim pses o f  the data, often with reduced 
dim ensionality.
It is important to bear in mind, however, that while m ultivariate techniques may 
be intended to reveal structure in a data matrix, they can also impose structure. This 
statement is as true for bivariate and ternary representations as it is for more complex 
operations. The situation becomes particularly problem atic when m ultivariate 
techniques are used inductively without prior m odelling o f suspected pattern-causing 
m echanism s and their consequences. As Bishop and N eff (1989, 69-70) point out:
Modeling is important; it involves informed interaction between the 
researcher, his or her objectives, analytical data, and multivariate data 
presentation. The potential for revealed data structures to vary depending 
upon the choice of numerical procedure is acknowledged explicitly. In 
addition, this approach requires the objectives of a particular investigation and
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the complexities of the compositional data base to be kept in mind during the 
stage o f data analysis. The model provides the explicit rationale for reasoning 
from revealed data structure to inferences about human behavior.
Even with m odelling, spurious results can occur simply by chance. Best practice 
is to incorporate a variety o f  analytical techniques into any structure-revealing strategy 
set. This provides an internal mechanism  for investigating inconsistencies and 
determ ining the likelihood or significance o f  unanticipated patterns.
The investigative strategy followed here makes use o f  principal component 
analysis (PCA), hierarchical cluster analysis, and methods o f  group refinement. These 
techniques and some o f  the problems associated with them  are described briefly below. 
M athematical details have been left out, but may by found in Krzanowski (2000) from a 
general statistical perspective or Shennan (1997) and Baxter (2003) from archaeological 
perspectives. The summ ary below is largely derived from these three sources.
Principal Component Analysis (PCA)
Principal Com ponent Analysis is a m ethod o f ordination that derives a new set 
o f  uncorrelated variables from a variance-covariance m atrix o f the original variables. 
Each new axis, or principal component (PC), is a linear combination o f  the original 
variables. PCs facilitate exploration o f  relationships between specim ens and variables 
and often produce more meaningful or interpretable m easures than the original 
dimensions. The first PC can be thought o f  as the line running through the set o f  data 
points that accounts for the greatest portion o f  variation within it. The second PC 
accounts for the greatest portion o f the rem aining variation, but is constrained to be 
orthogonal (at a right angle) to the first. The rem aining PCs follow the same pattern, 
ultimately resulting in the same num ber o f  axes as the original data and no loss o f 
information. However, it is typically possible to represent most o f  the variation present 
in the sam ple’s relevant variables with only two or three PCs. As a result, PCA
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becomes an effective data reduction method that is ideal for investigating a wide range 
o f  m ultidim ensional patterning. It is not unusual for 70%  or more o f  the total variation 
in the sample to be represented by the first three PC ’s alone.
Individual data points, defined by their values across all variables, can be plotted 
into PC space. The positions o f  these points, called scores, can be interpreted in light o f 
the new axes and typically expose significant patterns o f  variation and group structure. 
A single plot can easily take the place o f many bivariate scattergram s made o f  the 
original variables and can sometimes lead to the identification o f  more covert patterns 
em erging from the interaction o f  m ultiple variables. At the same time, it is possible to 
explain their locations in terms o f  the original variables.
The m agnitude o f a variable’s influence on a PC is given by its loading, a 
quantity between -1 and 1 which is equivalent to the correlation coefficient (r). 
Loadings can be graphically displayed as vectors em anating from the origin. The cosine 
o f  the angle that obtains between any two loading vectors is equivalent to the correlation 
between them . The angles generated between loading vectors on the first two or three 
PC’s provides an accurate indication o f  the variables relationships in the sample and can 
be used effectively in graphical models. Plots o f  loadings and scores (especially when 
normalised to the loading) facilitate both interpretations and hypothesis testing.
A nother important quantity is a com ponent’s eigenvalue. The eigenvalue is 
equal to the sum o f  squared loadings and makes it possible to calculate the percentage 
o f  variation in all variables that is accom m odated by a specific component. This is done 
simply by dividing the eigenvalue by the num ber o f  variables and m ultiplying by 1 0 0 .
Variables with larger variance place greater weight on the results o f  a PCA than 
variables with relatively small variance. Therefore, unless there are good theoretical 
warrants for using weighted variables, the most parsim onious approach to PCA is to 
apply equal weight to all variables through transform ation. Standardisation (subtracting
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the sample mean from the case and dividing by the standard deviation) is usually the 
preferred choice. It is also analytically advantageous since the variance-covariance 
matrix o f  standardised variables is equivalent to the correlation matrix o f  the original 
variables.
Aitchison et al. (2002) have criticised the use o f  standardised scores or 
correlation m atrices as completely inappropriate for com positional data or any data 
represented by ratios. They (Aitchison et al. 2002, 295-297) describe two interrelated 
problems: 1) standard m ultivariate techniques are designed for unconstrained p-
dimensional spaces, while ratio data is a sim plex or hyper-tetrahedron in form, 
constrained to a space o f (p -l)  dimensions; and 2 ) the process o f  maintaining 
subcom positional coherency (norm alisation) can alter the correlation structure o f  data, 
making any correlation between variables in a com positional analysis “a meaningless 
descriptive and analytical tool in the study o f  com positional variability.” To counter 
these problem s, Aitchison et al. (2002, 302) advocate the use o f log-ratio transform ation 
and show that it is approxim ately equal to the log transform ation for trace elem ents. 
Log transform ations are comm on practice in the analysis o f  materials, especially where 
sourcing is the primary research objective (Baxter 2001, 136; Glascock 1992, 16). Both 
methods form quasi-standardisations that avoid the problem o f  actual standardisation, 
but also introduce some unintended variable weighting.
Baxter (2003, 75-77) agrees with the theoretical points outlined by Aitchison et 
al. (2 0 0 2 ) but notes practical difficulty with log-ratio transform ations in term s o f  
archaeological meaningful results. Unintended weighting o f  variables with low 
absolute abundance but high variance is the reason sited for this phenomenon. Baxter 
notes that while a m ethod using a standardised data transform ation may be theoretically 
unsound, it often detects meaningful structure that unstandardised log-ratio 
transform ations do not and may be preferable for pragm atic reasons.
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But how is it possible that a theoretically sound statistical m ethod yields results 
devoid o f  practical significance, while the incorrect method consistently yields 
meaningful and easily interpreted results? These asym m etries can be explained if 
com positional data are viewed not as unit-free ratios, but as unit m easurem ents. In 
order to claim  to know the percentage o f  an elem ent in some substance, it is necessary 
to have a sample o f  the substance characterised by some known unit o f  measurem ent, 
such as grams. Results are typically given as percents because there is an assum ption 
that the sample is in some way representative o f some whole for which it would be 
either impossible or exceedingly expensive to obtain. In this respect, there is no 
difference between com positional data and any other data being used to characterise 
some population. Results o f  compositional analysis could ju st as easily be rendered in 
milligram s o f  elem ents measured in a specimen. D isplaying results as an absolute 
m easurem ent places the specimen firmly in standard Euclidean space, not a simplex. 
Further, if an assum ption is made that all specim ens are identical in size, mass, and 
preparation techniques— something that is typically within reason— then the correlation 
structure o f  the raw com positional data is identical to that o f  the absolute measurem ents. 
The problem associated with the distortion o f  subcompositional coherency through 
normalisation can be avoided by simply not normalising when situations do not strictly 
call for it (as in ternary graphs). O f course, if bulk analysis is assumed to be more 
accurate following normalisation, then there really is no hindrance for its use in later 
statistical treatm ents. The reason that standard techniques o f  m ultivariate analysis have 
been so successful is that the basic assum ptions suggested here are latent in most 
com positional data analyses. Log-ratios have been an unnecessary treatm ent and have 
perhaps caused more distortion o f  the data’s structure than it revealed. Therefore, all 
PCA work reported in this thesis uses standardised variables.
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Hierarchical Cluster Analysis
PCA is a powerful statistical technique for describing the variation in chemical 
systems. Bivariate and trivariate plots o f PC scores and loadings can be extremely 
valuable for representing groups and explaining their form ation. However, it is not an 
appropriate technique for identifying groups. The human eye often sees the groups it 
wants to see and is sometim es incapable o f  detecting them  at all. Hierarchical cluster 
analysis can facilitate the identification o f  groups in situations where structure cannot be 
assum ed a priori.
A gglom erative clustering methods begin with a distance or similarity m atrix for 
all included specim ens. The most sim ilar specim ens are grouped together and the 
matrix recalculated successively until all individuals are joined in a single group. The 
result o f  such a procedure is generally represented as a hierarchically arranged 
dendrogram. A num ber o f  different methods are available using different similarity 
measures or criteria for grouping, all o f  which are associated with advantages and 
disadvantages that must be weighed in accordance with the problem being investigated.
One o f  the goals o f  the present study is to identify and explain the formation o f 
distinct chemical groups— localised regions o f  high point density exhibiting 
characteristic patterns o f  variance and covariance in multivariate space. The centroid 
clustering method, a variant o f the average link algorithm , defines sim ilarity as the 
distance between group centres in m ultidimensional space. One advantage o f  this 
method with respect to the stated objective is its ability to identify groups based in part 
on their location, not simply their relative density. Its largest disadvantage is the 
tendency to form hyper-spherically shaped groups, ignoring any patterns o f  variance 
and covariance. This is problematic since groups defined by normally distributed 
variables are expected to have hyper-elliptic distributions in m ultivariate space and
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constrained variables may have irregular distributions. This problem can be partially 
resolved using appropriate group refinem ent strategies.
Group Refinement Using k-means Cluster Analysis
The centroid clustering algorithm provides relatively fast repeatable 
identifications o f  groups, but also imposes structure where there is none. This 
imposition can result in the identification o f  m ore groups than actually occur naturally. 
Several techniques for group refinem ent are available that allow the analyst to consider 
the validity o f  constructed groups, make decisions about possible group mergers, and 
reallocate m em bers between groups. This com m only involves the use o f  confidence 
ellipses and discrim inant analysis. Both require assum ptions about group structure that 
may not be justifiable in technologically constrained data sets (e.g., multivariate 
normality, equivalent group covariance matrices, and the presence o f  outliers). While 
these problems can be overcom e with additional data m anipulation, a method involving 
A;-means cluster analysis is judged to be the most elegant means o f  obtaining suitable 
analytical results.
/Gm eans cluster analysis is the general name for a variety o f  partitioning 
methods o f  clustering. The aim o f  the procedure is to divide a sample into k (user- 
defined) groups such that the within-cluster dispersion is minimised and the distance 
between clusters is maximised. Group centres are either specified or randomly assigned 
and the m ethod iteratively tests individual cases before adding them to the group and 
determ ining the new group centre. Unlike hierarchical techniques, the A:-means 
approach evaluates the group structures after each assignm ent and may move a case to a 
different group. The process continues until the maximum  num ber o f  iterations has 
been carried out or until an optimal group structure has been achieved. Here, the 
optimal grouping is the one that minimises the total sum o f  squared differences between
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cases and group centroids. Randomly seeded group centres can sometim es cause 
groups to achieve local rather than global optim um  structures, m aking it advisable to 
run the procedure m ultiple times.
W hile a £-means cluster analysis is typically used to identify groups in a sample, 
here it is used to refine the clustering solution generated by the centroid method. The 
centroid m ethod’s properties make it better able to discern the num ber and location o f 
groups in PC space, but it can sometimes sever a non-spherical group into two or more. 
A useful property o f  the centroid m ethod is that groups created by it should represent or 
be very close to one possible optimum for the A>means procedure. By putting the 
num ber o f  groups defined by the centroid method into a A>means routine and randomly 
seeding centroids, it is possible to obtain an ordinal scale measure for the degree o f 
overlap in the original groups. The /:-means procedure will typically generate a 
different, but similar, solution to the centroid method and thereby highlight probable 
cases o f  group overlap. A scatter plot com paring original group labels with the new 
group labels will show group overlap very clearly. The stability o f  the new grouping 
structure can be assessed by repeating the procedure with n- 1 groups. If the new 
groups do not break up the structure o f  the groups in the pervious generation, then the 
previous group assignm ents are assumed to be stable.
Kernel Density Estimation
Kernel density estimation (KDE) is a technique for estim ating a continuous 
frequency distribution from a sample o f  cases. Rather than binning cases into a series o f 
adjacent categories like a histogram, a KDE is created by placing a ‘bum p’ at each point 
and then sum m ing the resulting heights across the axis (Baxter 2003, 30; Baxter et al. 
1997, 348). The bum ps are actually probability distribution functions with user-defined 
bandwidths. The result is an estimation o f  the population density suggested by the
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sample. Univariate KDEs are a replacem ent option for smoothed histograms. Their 
advantages include the lack o f a define origin and a body o f  theory for selecting 
appropriate bandwidths according to sample size. Bivariate KDEs operate in exactly 
the same way and are useful for highlighting point concentrations in scatter plots, 
revealing the structure o f  large data sets, and identifying groups (Baxter et al. 1997, 
353). Because bivariate KDEs are a three dimensional surface, it is possible to display 
them as a series o f  contours defined in term s o f  the percentage o f  the total point density.
KDEs are used in this thesis to define the m odes o f  slag chemistry from 
individual site components. Apart from aiding com parisons between com ponent 
assem blages, bivariate contours may be helpful for identifying optimal slag chem istries 
for different points in space-time. All KDEs here use a normal density function and 
band widths are selected using the direct plug-in method suggested by Sheather and 
Jones (1991).
Modelling Constraint in Slag Chemistry
Constraint, as discussed in chapter 3, is best thought o f  as a bias on the 
production o f  variation. Iron production activities are riddled with such biases which 
should m anifest them selves in the bulk chemical and phase com positions o f  the 
resulting slag. Constraints on slag chemistry are derived from four sources: 1) laws 
governing the behaviour o f  physical systems; 2) parent material chemistry; 3) task 
differences; and 4) the collection o f  technological knowledge and practical skill 
possessed by the ironworkers. The first o f  these is a universal constraint, from which no 
variation is possible. The latter three are all local constraints, exhibiting strong space­
time dependency. The shape o f  the constrained chemical space for observations made 
on slag at any one o f  these scales should look something like that in Figure 5.1. The 
area in Figure 5.1 represents a multi-dim ensional chemical space, or chem -space for
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short. The enclosed areas represent unspecified constraints imposed on different recipes 
for making iron. The small circles within these regions represent the actual chemistry 
o f  a slag specim en. The more or less random  distributions o f  these points within their 
constrained spaces are characteristic o f the variation expected within a given 
technological tradition. Assum ing representative sampling, clusters o f  points are 
indicative o f  local adaptive peaks, thereby providing clues to the ways in which 
selection processes are influencing patterns o f  variation.
Note, however, that neither time nor space is included as a dimension in Figure 
5.1. W ith tim e incorporated, the pattern resem bles that suggested by David Clarke in 
1968 (Figure 5.2). Here, the two branching structures em body distinct regions o f 
constrained chem -space originating and persisting with different distributions in time 
(the diagram could also be adapted to show changes across space). These structures are 
restricted from m erging because o f various biases on the am ount o f  chem-space they
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can occupy. The branches o f each structure represent the actual portions o f the 
constrained region that are occupied at a given instant. Note, however, that local 
constraints can be overcom e under appropriate historical circum stances, regardless o f
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their relative improbability. It is appropriate to recall the simile o f  M aynard Smith et al. 
(1985, 269) com paring local constraints to loaded dice.
Task-Delimited Constraints
W hen confronted with an assem blage o f  ironworking debris from a single 
context, the starting assum ption must be that it is a synchronic representation o f  a single 
iron production industry. The validity o f  this assum ption ultim ately rests on associated 
chronological indicators and stratigraphic coherency. Chem ical variation within the 
assem blage is caused by: 1) heterogeneous character o f  slag derived from single smelts; 
2 ) more or less random differences between smelts; 3) the use o f  m ultiple smelting 
recipes during assem blage accumulation; and 4) biases imposed on slag derived from 
different stages o f  production. Variation should be significantly greater between slags 
derived from different production tasks.
Table 5.1: Parent material contribution to slag chemistry
MgO Al2 0 3 S i0 2 P2O5 S 0 3 k2o CaO T i0 2 MnO FeO SrO BaO
o re • • • • • • • • • •
clay • • • • •
fu e l
ash • • • • • •
Slag derived from primary and secondary production activities should both 
conform  to equation 4.1: Cs/ag = C  [(O-Rpeo) + A + L + F -  V]. Ore, clay, and fuel ash 
each make contributions to smelting slag and are characterised by specific patterns o f 
compositional variances and co-variances (Crew 2000). Table 5.1 shows some o f  the 
general relationships between parent materials and their chemical contribution to 
smelting slag. Sm ithing slag is essentially smelting slag enriched with increasing 
proportions o f  clay, fuel ash, flux, and metallic iron. These proportions vary 
considerably with different stages o f  the refining process. Slag specim ens derived from
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varying technological activities will display multivariate group structures reflecting the 
chemical constraints imparted by different parent m aterials or different proportions o f  
the same parent materials.
This assum es that both sets o f  slag derive from the same iron production 
industry and are not a consequence o f geographic variation. If the com positional data 
matrix for a slag assem blage contains materials from both sm elting and smithing, then 
two distinct chemical groups should be observable. Sm elting slag will form a group 
characterised by higher relative abundances o f  ore-related oxides, while smithing slags 
should be characterised by higher relative abundances o f  fuel-ash and clay-related 
oxides. These relationships can be modelled with a simple contingency table displaying 
inferences as a function o f  strong positive correlations. Twelve oxides were chosen for 
this model based on their differential presence in slag parent materials, technological 
relevance, and ease o f  analysis (see Table 5.2). Chem ical groups are defined and 
visualised using m ultivariate techniques and com pared directly with the model. The 
result is a hypothesised identification o f  slag formed by discreet tasks.
Table 5.2: Contingency table for distinguishing smithing and smelting slag based on positive oxide 
correlations. F = Forge (smithing slag), B = Bloomery (smelting slag) _____________ ______ ______
MgO AI2 O 3 S i0 2 p 2 o 5 S 0 3 K20 CaO T i0 2 MnO FeO SrO BaO
MgO F F F F F F F F F
Al2 0 3 F F F F F F F F F
S i0 2 F F F F F F F F F
P 2 O 5 F F F F F F B B-F F B
S 0 3 F F F F F F F F F
k 2o F F F F F F F F F
CaO F F F F F F F F F
T i0 2 F F F F F F F F
MnO B B B
FeO F F F B-F F F F F B F B
SrO F F F F F F F F F
BaO B B B
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Analysis o f  slag chemistry from two o f  Peter C rew ’s iron production 
experim ents (XP27 and XP63) shows that this model will hold for a variety o f 
circum stances. XP27, detailed in Crew (1991), involved the sm elting o f  Perry River 
bog ores (~ 80 w t%  FeO) in a non-tapping low shaft furnace and subsequent smithing o f 
the bloom to a billet and ultimately a bar. Smelting generated 4.5 kg o f slag; bloom 
smithing 1.0 kg slag; billet smithing 0.3 kg slag; and bar smithing 0.3 kg slag (Crew 
1991, 35). V incent Serneels sampled the experimental slags and analyzed their bulk 
chemical com position using x-ray fluorescence spectrom etry (XRF). A partial 
rendering o f  his results are given in Table 5.3.
Table 5.3: Selected oxide concentrations for XP27 smelting and two stages of smithing slag. XRF
analysis conducted by Vincent Serneels
S p e c i m e n T a s k M g O a i 2 o 3 S 1O 2 p 2 o 5 K z O C a O T i 0 2 M n O F e O S r O B a O
X P 2 7 0 4 1 S m e l t i n g 0 . 8 5 7 . 7 2 7 . 6 2 . 4 8 1 . 6 4 6 . 1 8 0 . 4 3 6 . 3 7 4 4 . 7 0 . 0 1 4 0 . 1 9 7
X P 2 7 0 4 2 S m e l t i n g 0 . 7 7 6 . 4 2 3 . 8 2 . 2 7 1 . 1 8 4 . 8 3 0 . 3 4 6 . 4 0 5 2 . 4 0 . 0 1 1 0 . 1 7 2
X P 2 7 0 5 S m e l t i n g 0 . 8 0 6 . 2 2 4 . 0 2 . 2 5 1 . 2 3 4 . 9 3 0 . 3 4 6 . 0 1 5 3 . 7 0 . 0 1 1 0 . 1 6 8
X P 2 7 0 6 1 S m e l t i n g 0 . 8 7 6 . 2 2 4 . 1 1 . 9 6 1 . 0 8 4 . 2 6 0 . 3 6 6 . 1 1 5 3 . 7 0 . 0 1 0 0 . 1 5 2
X P 2 7 0 6 2 S m e l t i n g 0 . 7 7 5 . 5 2 0 . 4 2 . 4 5 1 . 1 3 4 . 9 2 0 . 3 1 4 . 7 8 5 7 . 8 0 . 0 1 1 0 . 1 6 2
X P 2 7 0 6 3 S m e l t i n g 0 . 9 4 5 . 6 2 3 . 3 1 . 8 0 1 . 1 0 4 . 0 1 0 . 3 2 5 . 6 0 5 8 . 5 0 . 0 1 0 0 . 1 4 0
X P 2 7 0 7 S m e l t i n g 1 . 0 0 7 . 6 2 7 . 2 2 . 5 6 1 . 9 1 6 . 7 0 0 . 4 2 6 . 3 6 4 5 . 4 0 . 0 1 6 0 . 2 0 3
X P 2 7 1 0 1 S m i t h i n g 1 . 5 7 9 . 8 3 9 . 1 1 . 2 4 2 . 6 8 5 . 5 2 0 . 5 5 2 . 4 8 3 7 . 9 0 . 0 1 8 0 . 1 1 5
X P 2 7 1 5 S m i t h i n g 1 . 2 8 1 7 . 0 5 6 . 7 0 . 4 2 2 . 9 9 2 . 2 6 0 . 9 2 0 . 6 7 1 5 . 6 0 . 0 1 2 0 . 0 9 0
A PCA o f  the XP27 slag data m atrix shows a very clear separation between 
smelting and smithing slag, especially along the first PC axis (Appendix B, Table B .l). 
The distinction is best observed in a plot o f  PC01 and PC03 (Figure 5.3). All smelting 
slags are characterised by relatively high positively correlated abundances o f P2O5, 
MnO, FeO, and BaO. In direct contrast, the smithing slags were characterised by higher 
positively correlated abundances o f MgO, AI2O 3, Si0 2 , K2O, and CaO. A centroid 
cluster o f  the 11 PCs confirms this observation (Figure 5.4). The small sample size o f 
XP27 makes it unnecessary to further refine the identified groups.
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Figure 5.3: Graph of XP27 slag chemistry in principal component space. 
There is a clear separation between the two smithing slags and the smelting 
slag along PC01.
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Figure 5.4: Dendrogram arising from the centroid cluster analysis o f the 
XP27 PCA scores listed in Appendix A, Table A.I.
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XP63 involved the reduction o f  Northants Sand ironstone (~ 62 wt%  FeO) in a 
low shaft slag-tapping furnace. Peter Kresten (1996) analyzed the chemical 
com position o f  ten slag specim ens— four from smelting, four from primary smithing, 
and two from secondary smithing. The results for selected oxides are provided in Table 
5.4. Results o f  the XP63 PCA slag are given in Appendix B, Table B.2. Clear 
discrim ination o f  the sm elting and smithing slag is observed in plots o f  PC axes 1 and 3 
as well as o f  PC axes 2 and 3 (Figure 5.5). Just as with XP27, sm ithing and smelting 
slags group exactly as predicted by the model. Smelting slag is discrim inated by higher 
relative correlated abundances o f P2O5, MnO, FeO, and BaO. The smithing slags form 
two distinct groups by higher positively correlated abundances o f  AI2O 3, Si0 2 , and T i0 2  
in one and MgO, CaO, and SrO in the other (Figure 5.5a). Though all smithing slag is 
treated uniformly in the plots, there is a more subtle discernm ent found along PC02. 
This axis can be interpreted as the ratio o f  FeO to all other oxides under consideration. 
The result is an assortm ent o f  smithing slag according to their specific tim ing/stage o f 
production (Figure 5.5b). This pattern is also apparent in the dendrogram  produced by a 
centroid cluster analysis o f  the PC scores (Figure 5.6). A A>means cluster analysis was 
not performed since the XP63 sample was small.
Table 5.4: Selected oxide concentrations for XP63 smelting and smithing slag. 1CP-AES and 1CP-MS 
analyses were conducted by Peter Kresten (1996). F = furnace slag; Tap = Tap slag; H# = slag from 
successive heats. H1-H3 = bloom smithed to billet; H3b-H4— billet smithed to bar__________________
S p e c i m e n T a s k M g O a i 2 o 3 S i 0 2 p 2 o 5 k 2 o C a O T i 0 2 M n O F e O S r O B a O
X P 6 3 / S 6 S m e l t i n g - F 0 . 8 2 4 . 9 5 2 5 . 2 0 0 . 8 9 2 . 6 5 1 3 . 2 0 0 . 2 5 0 . 2 7 4 6 . 4 3 0 . 0 7 0 . 1 4
X P 6 3 / S 9 S m e l t i n g - F 0 . 9 6 5 . 5 1 2 5 . 5 0 1 . 0 0 2 . 7 1 1 4 . 5 0 0 . 2 8 0 . 2 8 4 3 . 1 0 0 . 0 8 0 . 1 6
X P 6 3 / S 3 S m e l t i n g - T a p 0 . 7 6 5 . 2 0 2 3 . 9 0 0 . 9 2 2 . 5 1 1 0 . 6 0 0 . 2 6 0 . 2 8 4 9 . 6 7 0 . 0 6 0 . 1 0
X P 6 3 / S 5 S m e l t i n g - T a p 0 . 8 8 5 . 0 4 2 4 . 1 0 0 . 9 8 2 . 9 6 1 2 . 9 0 0 . 2 5 0 . 2 9 4 6 . 4 3 0 . 0 8 0 . 1 2
X P 6 3 / A 1 S m i t h i n g - H 1 1 . 1 1 1 0 . 6 0 4 9 . 8 0 0 . 6 1 4 . 3 7 1 8 . 7 0 0 . 5 9 0 . 1 7 1 2 . 5 1 0 . 0 9 0 . 1 1
X P 6 3 / B 2 S m i t h i n g - H 2 2 . 4 6 4 . 9 8 2 5 . 3 0 1 . 0 2 1 . 9 3 3 6 . 0 0 0 . 2 7 0 . 2 1 2 6 . 0 0 0 . 2 7 0 . 1 1
X P 6 3 / C 1 S m i t h i n g - H 3 1 . 3 1 3 . 4 0 1 6 . 4 0 0 . 6 9 1 . 8 6 2 5 . 4 0 0 . 1 8 0 . 1 9 4 5 . 8 0 0 . 1 4 0 . 0 8
X P 6 3 / C 2 S m i t h i n g - H 3 1 . 5 7 4 . 5 9 2 1 . 5 0 0 . 6 6 2 . 1 1 2 6 . 1 0 0 . 2 6 0 . 1 8 3 9 . 5 9 0 . 1 5 0 . 0 8
X P 6 3 / D 2 S m i t h i n g - H 3 b 0 . 8 2 2 . 2 6 9 . 8 4 0 . 3 4 0 . 8 8 1 4 . 2 0 0 . 1 2 0 . 0 8 6 4 . 5 2 0 . 0 8 0 . 0 5
X P 6 3 / E 5 S m i t h i n g - H 4 0 . 5 0 9 . 6 0 4 5 . 4 0 0 . 1 6 1 . 3 0 8 . 4 3 0 . 5 2 0 . 0 8 3 1 . 9 4 0 . 0 4 0 . 0 2
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Figure 5.5: Graphs of XP63 slag chemistry in principal component space. There is a clear 
separation between smithing and smelting slag along PC03. a) PC01 vs. PC03 differentiates 
smithing slag into fuel ash and clay enriched groups, b) PC02 vs. PC03 sorts the slag by 
relative FeO content and the smithing slag by smithing stage
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Figure 5.6: Dendrogram arising from the centroid cluster analysis of 
the XP63 PCA scores listed in Appendix A, Table A.2.
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Resource-Delimited Constraints
Once slag specim ens have been identified to a production task, they can be 
compared to corresponding examples from other ironworking assem blages. Much o f  
the inter-assem blage variability in slag chemistry can be expected to be the result o f  
resource-delim ited constraints. Slag from different assem blages will have chem istries 
reflective o f  their varying ore, clay, and fuel parent m aterials. Identifying the precise 
sources o f  these constraints is important for addressing synchronic concerns regarding 
the site’s place in the local economic structure, as well as diachronic problems such as 
technological adaptation and the transmission o f  specialist knowledge. The situation 
can be com plicated if  specim ens within the sample are derived from multiple production 
modes. This makes it impossible to determ ine whether the constraint is caused by 
resource availability, technology, or economic factors. Problems o f  this sort, while 
always a source o f concern, can be avoided by limiting analysis to assem blages with 
sim ilar age, duration, and design parameters.
Identifying constraints imposed by differential resource availability and use 
from slag chemistry requires consideration o f those elem ents or oxides that are strongly 
correlated in sm elting or smithing systems as a whole. Ore, clay, and fuel ash each 
make contributions to smelting slag and are characterised by specific patterns o f  
compositional variances and co-variances (Crew 2000). Thus, a sample o f  slag 
specim ens derived from varying parent materials will display m ultivariate group 
structures reflecting the chemical constraints imparted by these resources. Table 5.5 
summ arises the inferences that can be drawn from the positive correlations o f twelve 
different variables in term s o f resource-delim ited constraints. Once again, data from 
three o f  Peter C rew ’s iron smelting experim ents provide an ideal means o f  evaluating 
this model. XP93, XP94, and XP95 were conducted with sim ilar furnace 
configurations, operating parameters, clays, and fuels. The only significant source o f
133
Table 5.5: Contingency table for inferring resource-delimited constraints based on positive oxide 
correlations. Q=Ore; FA=Fuel Ash; FL=Furnace Lining ______ ____________________________
MgO a i 2 0 3 S i0 2 P 2 O 5 so3 k 2o CaO T i0 2 MnO FeO SrO BaO
MgO 0 0 O - F A F A F A F A - 0 0 0 0 O - F A 0
Al2 0 3 0 F L 0 F L 0 O - F L 0 0 0 O - F L
S i0 2 0 F L 0 F L 0 F L 0 0 0 O - F L
P 2 O 5 O - F A 0 0 F A F A O - F A 0 0 0 O - F A 0
S 0 3 F A F A F A F A F A
K20 F A F L F L F A F A F A F L F L F A F L
CaO F A - 0 0 0 O - F A F A F A 0 0 0 F A - 0 0
TiO z 0 O - F L F L 0 F L 0 0 0 0 O - F L
MnO 0 0 0 0 0 0 0 0 0
FeO 0 0 0 0 F L 0 0 0 0 O - F L
SrO F A - 0 0 0 O - F A F A F A F A - 0 0 0 0 0
BaO 0 O - F L O - F L 0 F L 0 O - F L 0 0 0
variation was the ore (see Crew and Charlton n.d.). XP93 used Beckerm et hematite 
from Cumbria. This is a very hard ore with an unusually high barium sulphate (BaStTj) 
content, here represented as BaO. XP94 used a rich goethite ore from the Forest o f  
Dean and XP95 used a crushed bog ore. The bulk chem istries o f  these m aterials were 
analyzed by the author using a polarising energy-dispersive x-ray florescence 
spectrom eter [(P)ED-XRF]. Results are shown in Table 5.6. A com plete description o f 
the analytical protocol used in this thesis is found in Appendix A.
A PCA o f  the chemical data placed slag from the three experim ents into three 
groups (Appendix B, Table B.3). XP93 is distinguished by high positive correlation o f 
TiC>2, SrO, and BaO; XP94 by MgO, CaO, and AI2O 3; and XP95 by P2O5 and MnO. 
Si0 2  is also high in the XP95 group, but its negative correlation with FeO suggests that 
this is an artefact o f  relative iron content in the slag and may not be significant for 
defining constraints. These relationships are visible in a graph o f  the slag scores on the 
first two PC axes (Figure 5.7) and confirmed by a centroid cluster analysis (Figure 5.8). 
The best hypothesis for XP93 is that the slag chemistry has been constrained by an ore.
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Table 5.6: Selected oxide concentrations for XP93, XP94, and XP95 ore and smelting slag. (P)ED-XRF 
analyses of slag and BH ore conducted by the author following the Slag Fun protocol (Veldhuijzen 
2003). Vincent Serneels analyzed the RP67 +- MAN ore blend and the DB ore analysis was originally 
published in Sibly (1927, 57)._______ ____________ ___________________ __________________________
S p e c i m e n M a t e r i a l M g O A l 2 0 3 S i 0 2 P2O5 K 2 0 C a O T i 0 2 M n O F e O S r O B a O
R P 6 7 + M A N o r e 0 . 2 9 2 . 8 1 2 . 2 2 . 4 2 0 . 2 6 3 . 2 8 0 . 1 4 5 . 2 0 6 6 . 1 0 . 0 0 3 0 . 1 0 5
D B o r e 0 . 5 6 3 . 0 1 1 . 5 0 . 0 5 N A N A N A 0 . 1 0 7 8 . 0 N A N A
B H o r e 0 . 6 7 1 . 7 1 3 . 8 0 . 0 0 0 . 4 0 2 . 4 1 2 . 4 2 0 . 1 9 6 6 . 8 0 . 1 1 2 5 . 8 6 6
X P 9 3 - B s l a g 0 . 6 1 5 . 3 2 4 . 8 0 . 0 5 1 . 2 7 6 . 6 9 1 . 6 3 0 . 7 1 5 1 . 8 0 . 1 0 7 4 . 1 2 9
X P 9 3 - F R T s l a g 0 . 5 3 4 . 1 2 2 . 5 0 . 0 2 0 . 9 4 5 . 8 5 1 . 6 9 0 . 3 3 5 6 . 5 0 . 1 0 7 4 . 5 3 0
X P 9 3 - T s l a g 0 . 6 6 3 . 9 2 3 . 6 0 . 0 3 0 . 9 6 6 . 9 6 1 . 6 8 0 . 3 4 5 4 . 8 0 . 1 1 5 4 . 5 7 1
X P 9 3 - T s l a g 0 . 5 7 3 . 9 2 2 . 7 0 . 0 2 0 . 9 3 5 . 8 7 1 . 6 9 0 . 3 3 5 6 . 7 0 . 1 0 6 4 . 5 3 5
X P 9 4 - B - 2 s l a g 0 . 9 0 6 . 5 2 5 . 4 0 . 0 9 1 . 6 3 8 . 2 2 0 . 2 9 0 . 4 2 5 5 . 6 0 . 0 4 3 0 . 0 8 8
X P 9 4 - T - 1 s l a g 0 . 8 9 6 . 2 2 5 . 7 0 . 0 8 1 . 5 8 8 . 5 9 0 . 2 8 0 . 4 1 5 5 . 5 0 . 0 4 4 0 . 0 9 0
X P 9 4 - T - 2 s l a g 0 . 9 9 6 . 0 2 5 . 7 0 . 0 9 1 . 6 1 8 . 5 1 0 . 2 9 0 . 4 1 5 5 . 5 0 . 0 4 4 0 . 0 8 6
X P 9 4 - T - 3 s l a g 0 . 9 0 6 . 6 2 5 . 7 0 . 1 0 1 . 6 5 8 . 4 2 0 . 2 9 0 . 4 2 5 5 . 0 0 . 0 4 3 0 . 0 9 0
X P 9 5 - B - 1 s l a g 0 . 5 8 5 . 1 3 5 . 1 1 . 9 3 2 . 0 7 8 . 5 9 0 . 2 0 4 . 2 2 4 0 . 7 0 . 0 4 3 0 . 5 6 4
X P 9 5 - B - 2 s l a g 0 . 4 1 4 . 5 3 4 . 7 2 . 1 8 1 . 1 4 6 . 0 6 0 . 1 7 4 . 2 2 4 5 . 5 0 . 0 2 5 0 . 2 1 5
X P 9 5 - T - 1 s l a g 0 . 3 5 4 . 4 3 0 . 6 2 . 1 5 1 . 2 6 5 . 5 4 0 . 1 8 3 . 8 1 5 0 . 7 0 . 0 2 2 0 . 2 5 6
X P 9 5 - T - 2 s l a S 0 . 4 3 4 . 4 3 2 . 6 2 . 1 5 1 . 1 6 5 . 7 2 0 . 1 7 3 . 7 7 4 8 . 5 0 . 0 2 3 0 . 2 2 8
The same is true for XP95, where an ore-delim ited constraint is the only available 
hypothesis.
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Figure 5.7: Graph of XP93, XP94, and XP95 slag chemistry in
principal component space.
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The situation with XP94 is more ambiguous. The strength o f  the relationship 
between A I 2 O 3  and CaO make an ore-based constraint the most likely hypothesis, but 
the correlations between MgO, K2O, and CaO suggest fuel ash as another, perhaps 
com plem entary, constraint possibility. Indeed, one o f  the technological differences 
between XP94 and the others involved a change to the air supply system which resulted 
in the significantly faster rate o f  charcoal burn— 24kg/hr versus 13 kg/hr in XP93 (Crew 
and Charlton n.d., 7). This may have increased the fuel-ash com ponent o f the slag.
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Figure 5.8: Dendrogram arising from the centroid cluster analysis o f 
the XP93, XP94, and XP95 PCA scores listed in Appendix A, Table 
A.3.
Constructing Evolutionary Narratives from Slag Chemistry
The models o f  constraint described above provide the first elements for an
evolutionary system atics o f  iron production slag. They effectively limit the fields o f
observation for which evolutionary explanations may be sought. This section takes the
next step by detailing a procedure for identifying lineages o f  iron production technology
from slag chemistry. In other words, it creates an evolutionary chronicle o f an
ironmaking technology. Another series o f  models is developed to explain lineage
structure in term s o f  selection and transmission biases. Because technology plays such
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a vital role in the way people go about making a living, selection is treated as the null 
hypothesis for m ajor trends in lineage trajectories. Transm ission m odes and biases 
serve as hypotheses for more specific aspects o f  lineage m orphology. Applying both 
sets o f  m odels to diachronically arranged slag assem blages results in testable 
evolutionary narratives o f iron production technology.
Building Lineages from Slag Chemistry
The construction o f  lineages or traditions o f  cultural activity serves as the 
cornerstone for exploring the evolution o f  ideas, technological or otherwise. Lineages 
provide maps to innovations and change over continua o f  cultural interaction and 
transmission. W riting evolutionary history is principally a problem o f  generating 
explanations for the unique shapes and structure o f  these pathways. A lineage is 
constructed by inferring transmission from patterns o f  variation distributed across 
space-time. As m entioned in Chapter 3, these patterns are m anifest at different scales. 
The model presented here is intended to track the descent o f  technological knowledge in 
iron production system s at the tokogenetic scale. Loosely based on the occurrence 
seriation model (O ’Brien and Lyman 2000, 289-290), it uses classes defined by slag 
chemistry as a proxy for variation in ironmaking recipes.
Seriation, at its heart, is a stochastic model o f  cultural interaction and trait 
transmission (Lipo et al. 1997, 310). Variation is divided into classes or types 
distributed over single segments o f the space-time continuum . Transm ission is inferred 
when classes overlap with one another across the continuum. As N eim an’s (1995) 
com puter sim ulations clearly demonstrate, this is precisely the pattern created by 
unbiased transm ission coupled with innovation. Frequency seriation stipulates that 
classes must exhibit unimodal frequency distributions. The occurrence model, however, 
only requires that classes be occupied. Seriation requires the use o f  “historical types”—
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those artefact types and classes that have singular continuous distributions across space­
time (O ’Brien and Lyman 2000, 284). Often this requirem ent has been worked out on 
the basis o f  experience and trial and error.
Furnaces, smithing hearths, and specially designed buildings have all been used 
to suggest the existence o f  discrete ironworking traditions (Pleiner 2001, 143). 
Unfortunately, the generally poor state o f  preservation and low frequency o f  these 
features in the archaeological record prohibit their general use for constructing 
technological lineages except in rare cases. Slag, on the other hand, is both well- 
preserved and highly abundant at ironworking sites. Seriation-like models, especially 
percentage-stratigraphy (see Lyman et al. 1998, 242-244), have previously been used to 
examine diachronic patterns slag variation (e.g., Charlton 2002; Koucky and Steinberg 
1982). However, the systematics for building appropriate units to measure cultural 
transmission from slag chemistry or other attributes is problem atic for two reasons. 
First, chemical variation is continuous. Though continuous attributes are certainly 
transmitted, classes constructed from them tend to break up variation in m orpho-space 
(or chem -space) in wholly arbitrary and non-theoretically driven manners. This issue is 
not too serious so long as the variation is divided evenly and consistently across all 
analyses.
A second, more serious, concern is that there is no good theoretical reason why 
slag classes, however defined, should have single distributions in space-time (i.e., they 
are not historical types). Palaeobiologists confront sim ilar issues when investigating the 
evolution o f  species morphology (e.g., Reyment 1985, 187-189; Saunders and Swan 
1984, 195). Even though the general shape characteristics o f  species are inherited, the 
actual location o f  a specimen in m orpho-space may be better explained by 
environm entally imposed developm ental constraints, convergence, or parallelism. 
Factors influencing slag morphology, microstructure, and chemistry are analogous.
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Seriation requires the use o f  historical types because it was originally designed 
to m onitor time, not evolution. If time can be independently m easured through such 
means as C-14, archaeom agnetics, or stratigraphic superposition, then transm ission can 
be inferred. The only requirem ents are that: 1) classes maintain overlapping
distributions; 2 ) class distributions are semi-continuous (i.e. occupying segments rather 
than points through time); and 3) when class distributions repeat, they overlap with a 
series o f  phenetically related classes.
PCA provides a means o f  representing m ultiple continuous attributes, many o f 
which may be transm itted through social learning. Evolutionary biologists have 
recognised this with regard to the evolution o f  species m orphology (M aynard Smith et 
al. 1985,273):
Principal components of heritable variation that are uncorrelated with each 
other can be calculated [for quantitative characters]. Their independence 
implies that they may evolve separately. They thus form a natural coordinate 
system for the description of phenotypic evolution, at least on a 
microevolutionary scale.
PCA and other m ultivariate statistical techniques can also be employed to track 
m orphological variation and change at a m acroevolutionary scale (Foote 1992, 1993, 
1994, 1999; Reym ent 1985; Saunders and Swan 1984). With slight modification, a 
PCA approach sim ilar to those o f  biologists should be am enable to tracking heritable 
variation in iron slag.
The proposed m ethod begins by performing a PCA on all members identified to 
a single task. This ensures that each group is derived from functionally equivalent 
processes. The scores for each specimen are calculated and a paradigmatic 
classification formed from the intersection o f a set o f  the principal com ponent axes. 
Each axis serves as an attribute and is evenly partitioned into a set o f  equivalent 
attribute states. In practice, this is unlikely to require the use o f  any more than the first 
two or three PC axes. The amount o f  variation to be included in each class is dependant 
on sample size and the proportion o f variation explained by the PC axes.
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The procedure used in this thesis is designed to equate the num ber o f  potential 
classes with the num ber o f  specim ens included in the analysis. Essentially, this means 
shifting the points into graph quadrant I (+,+), calculating the range o f  the first PC and 
dividing the square or cube into as many evenly sized units as there are data points. The 
purpose o f  relocating the data is to facilitate shifting to sm aller or larger scales if 
necessary (much more tedious when the data is centred). Each cell is a locally defined 
theoretical class appropriately constructed for m onitoring stochastic patterns resulting 
from transm ission (O ’Brien and Lyman 2000, 190-191). W hen graphed over time, such 
classes should be characterised by overlapping contiguous distributions. Interrupted 
distributions are only excusable where sample size is recognisably poor. This 
procedure makes it possible to approxim ate the theoretical distribution o f  an evolving 
slag system sim ilar to that in Figure 5.2.
A sequentially ordered selection o f  data from Peter C rew ’s experimental iron 
smelting research provides a heuristic example for how the model might be used. A 
PCA was perform ed on the bulk chem istries o f  53 smelting slag specim ens derived 
from ten bog ore sm elting experiments (XP27, XP29, XP30, XP41, XP45, XP50, XP90, 
XP91, XP92, and XP95). Relevant data is printed in Appendix B. The first six 
experiments were carried out as part o f  cohesive set with Vincent Serneels, using 
roughly the same starting constellation. All used a non-tapping low shaft furnace and 
Perry River bog ore. XP27 and XP41 were conducted with exactly the same recipe, 
while XP29, XP30, XP45, and XP50 varied in their blowing rates and am ount o f 
charcoal consum ption. XP90, XP91, and XP92 used bog ores collected from 
Crawcwellt m oor and varied in furnace design and operation. XP92 was designed to 
test the faster smelting regim ent suggested by Sauder and W illiams (2000) and resulted 
in a cast iron bloom (Crew 2004; Crew and Charlton n.d., 6 ). XP95 used bog ore dust
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and a faster operating cycle (Crew and Charlton n.d., 8 ). Unlike the other experim ents, 
XP95 managed to produce tap slag.
All specim ens were classified according to the procedure described above using 
only the first two principal com ponent axes. Figure 5.9 provides a graphical 
representation o f  the results, both in plan view and as a stacked sequence. A coherent 
pattern o f  relatedness is observed the first six experiments. Class occurrences are semi- 
continuously distributed across time and overlap with one another allowing the 
inference o f  heritability and the establishm ent o f  a hypothetical lineage (albeit one that 
evolves in the mind o f  the experimenter). Changes in slag chem istry can be attributed 
to changes in blowing rate. Generally, as blowing rate increased, the proportion o f  FeO 
decreased with respect to other oxides and vice versa. Com pare XP27 (230 litres 
air/minute; FeO averages 52.3 wt%) with XP29 (250 litres air/minute; FeO = 41.8 
wt%).
A disjuncture is observed between XP50 and XP90. XP90 and XP91 are 
distinct from the others, probably because o f  ore constraint. XP92, as already noted, 
transcended normal bloomery operating conditions and entered into a cast iron 
production regime. The slag chemistry, not surprisingly, record this event in the form 
o f  a much reduced FeO content (averaging ~ 10 wt%  vs. = 45%  for other slag in the 
sample). Two specim ens o f  XP95 slag are identified to a class already filled with XP50 
slag. However, XP95 cannot be considered part o f  the original lineage because it has no 
observable transm ission link (i.e. no overlapping classes between it and XP50).
This simple exam ple shows that it is possible to infer lineages from slag 
chemistry and relate them  to variation in iron production recipes. However, it depicts a 
scenario that is not likely to occur in m ost archaeological contexts. Rather than a series 
o f single sm elting events, one is more likely to encounter a palim psest o f multiple 
production episodes revealing much greater variation and possible anomalies. It may
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prove useful in such situations to restrict the num ber o f  classes occupied to those which 
fall into a particular density contour range following from kernel density estimation 
(KDE).
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Figure 5.9: Sequential plot of PC scores 1 and 2 for smelting slag chemistry derived from 10 
experiments conducted by Peter Crew. Plan views show distribution of filled classes relative to 
smelt and loadings relative slag scores.
Modelling the Adaptive Structure of Occupied Chem-space
An identified lineage provides a partial explanation o f  history— that variation
had been transm itted along certain pathways that effectively constrained subsequent
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historical conduits. However, it is still necessary to explain why those pathways were 
taken instead o f  others. This requires the identification o f  both constraints and selective 
processes.
Through careful analysis o f the multivariate chem -space actually occupied by a 
slag sample, it is possible to infer the presence o f  resource-based constraints and 
construct a hypothetical adaptive landscape. First, a set o f  chem -space maps are drawn 
by carrying out a KDE on each set o f  PCA scores used to identify lineages. Each map 
should resem ble the ‘islands’ in Figure 5.2 if m ultiple groups are included or a single 
bounded region if only one group is mapped. The topography o f  the islands may 
include constraint ‘c liffs’, beyond which no variation seems to fall, and high density 
‘peaks’, indicative o f  highly successful variants. By com paring these maps to the 
environm ental character o f the same tim e-space frame, it is possible to generate 
hypotheses about specific kinds o f selection and constraint influencing the structure o f  
variation in the sample. Palaeobiologists (e.g. Reyment 1985, 187-189; Saunders and 
Swan 1984, 219-220) use similar techniques to understand relationships between 
species m orphology, functional constraints, and ecological contexts. A word o f caution 
is warranted, however, since the amount o f  occupied m ultivariate space actually 
observed is highly sensitive to sample size and sampling strategy (Foote 1992). This 
problem is best avoided by using large randomly drawn samples from assem blages with 
approxim ately equal durations.
KDEs for each o f  the ten experim ents used in the lineage construction example 
illustrate the basic procedure. Regions o f  constrained space are defined by contours 
containing 100% estimated point density. Remaining contours are plotted for 75, 50, 
and 25%  intervals, respectively. Extreme outliers have a negligible impact on the 
density estimate. Too few samples were chemically analyzed for the first six 
experiments to generate individual KDEs. However, they can be used to represent more
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typical archaeological scenarios wherein assem blages contain slag derived from 
multiple iron production events (Figure 5.10). In such cases, the optimal recipe for that 
environm ent is inferred to be located within the highest % contour o f  the KDE.
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Figure 5.10: Composite KDE for XP27, XP29, XP30, XP41,
XP45, and XP50.
Figure 5.11 shows the successive regions o f  chem -space occupied by XP90, 
XP91, XP92, and XP95. The constraints associated with each have already been 
discussed and their shapes are made discernable by the KDE. In an actual lineage, 
changing island locations, sizes, shapes, and orientations can be used to make a num ber 
o f inferences relating to changes in the overall selective context. In this fictive example, 
one could infer that relatively unstable m ovem ents between high and low iron slags 
reflect either: 1) rapidly shifting socio-econom ic environm ents that affect the value o f  
iron and therefore production efficiency; or 2 ) heavy experim entation with different 
smelting recipes. The first hypothesis can be tested by m odelling a series o f  generalised 
recipes for each assem blage and comparing them with models o f  the environm ent in 
which they were produced. The second can be tested by m odelling the expected range
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o f  variation under different models o f cultural transm ission and com paring the expected 
diachronic patterns with those o f  derived from successively ordered assem blages.
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Figure 5.11: KDEs constructed for XP90, XP91, XP92, and XP95.
Modelling Selection from Bloomery Artefacts
Selection is the evolutionary sorting mechanism that orders heritable variation 
according to how well individual variants perform in particular niches o f given 
environm ents. Perform ance in an evolutionary context refers equally to how well the 
variant is able to do its job  and to the efficacy o f  its reproduction. This requires analysis 
o f  the total costs and benefits to a system within its immediate context. Am ongst the 
com peting variants at any given location in space-time, some optim um  can be 
calculated to which selection is expected to bring the population. Structural and 
historical constraints can, o f  course, force deviations from this ideal path.
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Two aspects o f  selection can be observed operating on iron production systems. 
The first relates to the optimal distribution o f  the industry’s different elem ents, their 
magnitude, and their degree o f  specialisation. Depending on the scale o f  analysis, 
economic considerations can generate m easurem ents o f  the industry’s reproductive 
success and/or the success o f groups in finding ways to make a living. Analysis o f  such 
patterns requires extensive knowledge o f  other production systems and the nature o f  
exchange that exists between them. Such information, while extrem ely important from 
an evolutionary perspective, is beyond the scope o f  the present study.
The second aspect o f  selection on iron production system s concerns the nature o f 
innovations and technological evolution. Here, interest is focused on the optim isation 
o f  ironworking behaviour and requires a measure o f  productive output relative to time, 
labour, and energy inputs. Such interest necessitates the use o f  engineering/industrial- 
design analysis com plem ented with experimentation. W hile time, labour and energy 
quantities are im possible to access in the archaeological record, they can be roughly 
approxim ated on an ordinal scale. Data requirem ents include natural resource analyses 
and sourcing, product analyses, and knowledge o f  artefact distributions.
One o f  the easiest means o f  identifying the action o f  selection processes in 
bloomery iron production is to m onitor the percentage o f  iron rendered from its ore over 
time. Selection will always favour those variants o f  the bloomery process capable o f 
m aximising the value o f  iron relative to total costs in labour and resources. In so doing, 
it will tend to favour those bloomery methods whose iron yields are optimal with 
respect to given m arket conditions and ultimately promotes reduction in product 
variance. Specific changes that affect the yield might involve altering techniques o f  ore 
preparation, lining preparation, furnace operation, and any com bination o f  these.
Understanding the relationships between iron yield and the bulk chemistry o f ore 
and slag is fostered by the use o f  phase diagrams. Ternary phase diagrams derived from
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the (CaO + BaO + Alk20 ) — (FeO + MnO + ZnO + M gO)— A120 3— (S i0 2 + P20 5) 
quaternary system are the most com m only used for investigating iron smelting
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Figure 5.12: Partial representation of the FeO— S i02—A120 3 ternary system. Note the
locations of the two low- temperature melting point optima for fayalitic compositions. (After 
Levin et al. 1964, 241; figure 696)
technology (Bachm ann 1982, 11). The most valuable phase diagram  for the specific set 
o f  materials under scrutiny here, is the FeO— S i0 2— Al20 3  system (Figure 5.12).
Two low-tem perature m elting point optim a exist for fayalitic slag compositions 
as their chem istry accom m odates increasing quantities o f  Al20 3 . Though most 
bloomery furnaces can easily obtain the free-running tem peratures for the entire 
fayalitic region o f  the FeO— S i0 2— Al20 3  diagram, it is o f  practical significance that 
Optimum  1 utilises approxim ately 20 % less iron than Optimum  2— suggestive o f  a 
higher iron yield. However, each optimum is associated with very different levels o f 
risk and attainability.
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Optimum  2 results in a much lower yield but has a much gentler surrounding 
tem perature gradient for free-running slag with varying chemistry. The phases that it 
borders are also relatively docile in their viscosity effects. This increases the range o f  
perm issible variation in the smelting recipe while m inim ising the risk o f  failure. 
Optimum 1 results in a higher yield but is also at the base o f  a very steep tem perature 
precipice and borders a high viscosity phase. Creating slag with this chemical 
signature, without introducing significant contributions o f  silica from the furnace wall, 
demands exacting control o f  both reducing conditions and tem perature. This carries an 
enorm ous risk o f  failure. The reducing conditions necessary to inhibit the form ation o f  
fayalite or break the Fe0 -Si0 2  bond are significantly greater than that necessary to 
reduce FeO. They are so great, in fact, that reduced iron in the system is quickly 
saturated with carbon resulting in the production o f  steel or, more likely, cast iron. As 
m entioned in chapter 4, such situations are not always advantageous since the time and 
energy costs needed to refine the metal are significantly increased.
Between the two optim a is a large range o f  potential chemical space to explore. 
It is unlikely, however, that any bloomery operation would ever succeed in producing 
slag with lower iron concentrations than that o f  pure fayalite— at least not intentionally 
or without additional fluxing agents or clay contributions. It is still possible to compare 
the positions o f  m ultiple groups o f  slag on the ternary phase diagram and discuss their 
relative yields.
Given the importance o f  econom ic behaviour to an individual’s fitness, selection 
is expected to play a strong role in the evolution o f  iron production strategies. In 
economic environm ents where the costs o f  acquiring resources are low, the benefits o f  
producing iron are high, but demand is low (or very little com petition exists between 
ironworkers), selection favours slag chemistries that approxim ate Optimum  2. Less 
energy and labour are required to m aintain the tem peratures and reducing conditions for
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this optimum. If the econom ic control o f  iron is m onopolistic or oligopolistic, benefits 
to the ironm aster m ight actually decrease with increasing industrial scale. Selection 
favours the m ovem ent o f a bloomery process towards Optimum  1 when the demand for 
iron is high and the cost o f  procuring resources is high relative to the benefits o f  
production, or when both demand and competition are high. G reater energy and more- 
skilled labour are needed to m aintain the more exacting reducing conditions. 
Socioeconom ic environm ents such as this should experience increasing returns to scale.
A first step in assessing whether a diachronic pattern o f  bloomery residues owes 
its shape to selection is to establish a baseline for com parison. The most practical 
choice for primary iron production is to simply calculate the theoretical yield o f  metal 
from an ore using basic chemistry and principles o f  bloomery smelting. This depends 
also on assum ing a final slag composition. For this purpose, a fayalitic— (Fe, Zn, Mg, 
M n)2SiC>4— slag plus leftover ore constituents provides the most easily calculated 
baseline. SiC>2 is assum ed to completely react with all available fayalitic components in 
a way that m inim ises its reaction with FeO. This is an abstraction that ignores other 
silicate phases such as m ontecellite and pyroxene, but still serves as a close 
approxim ation o f  the maximum potential yield from an ore in most bloomery 
operations. O ther baselines may be necessary for examining more unusual systems. 
Figure 5.13 shows the relationship between ore com position and metallic yield for an 
ideal Fe0 -Si0 2  system and assum es a slag o f  pure fayalite. W henever possible, 
analyses o f  m ultiple ore specim ens should be made for each production com ponent o f  a 
site.
Next, an estimate must be made o f  the actual iron yield from each site 
component. Typical archaeological scenarios require the use o f  a model for estim ating 
the materials mass balance. Several m odels currently exist for estim ating the iron yield 
o f  production sites per unit o f  slag recovered (Joosten et al. 1998, 130-131; Joosten and
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Kars 1999; Serneels 1993, 17-19; Thom as and Young 1999; Crew 2000). A complete 
m aterials balance, and one that provides the best possible estim ation o f  a bloom ery’s
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Figure 5.13: Relationship between the proportion of FeO in an ideal FeO- 
S i0 2 ore and the maximum achievable yield of metallic iron through 
bloomery smelting. This assumes that no additional components have 
been added by lining, fuel, or flux and the final slag has a pure fayalite 
composition.
output, must include the effects o f all smelt com ponents on the final slag chemistry.
In historic contexts it may be possible to acquire some information from written 
sources, as done by Gordon and Killick (1992, 1993). Typical archaeological scenarios, 
however, require the use o f  a model for estim ating the m aterials mass balance. Serneels 
(1993, 17-19) was the first to try to estimate a total materials balance. He uses a system 
o f  equations that calculate the yield (F) and estimate the aliquots o f  ore (M) and clay 
lining (P) contributing to the average chemistry o f 100 units o f  slag (equations 5.3-5.4).
M x 100 units Ore + P x 100 units Lining = 100 units Slag + F units Fe
Equation 5.
Si Si Si
M x ----------------- + P x
100 units Ore 100 units Lining 100 units Slag Equation 5 4
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A1 A1 AI
M  x  + P x
100 units Ore 100 units Lining 100 units Slag Equation 5.5
Fe Fe Fe .
M x -----------------  + P x ----------------------= ---------------------+ F units Fe
100 units Ore 100 units lining 100 units Slag
Equation 5.6
Joosten et al. (1998, 130-131) use a sim pler m athem atical approach for 
calculating the yield that assum es only an input from ore (equations 5.1 and 5.2).
(SK>2 + Al203)s|ag
—  -------   —  F t
(Si02 + Al2 O3)ore Equation 5 .4
(FeOore x EF) -  FeOS|ag
= %  Fe yield from ore 
(FeOore x EF) Equation 5 .5
The enrichm ent factor (EF) is used to estim ate the enrichm ent o f  ore components in the 
slag following the removal o f  iron from the sm elting system. While it is possible to use 
all non-iron com ponents in the calculation o f  the EF, the heterogeneity o f  both ore and 
slag makes such an approach impractical for most cases. AI2O3 and SiC>2 are much less 
variable across slag and ore samples and, therefore, provide both a more elegant and 
typically more accurate estimation o f  slag enrichment. In a later publication, Joosten 
and Kars (1999) do suggest ways o f  m onitoring the lining and fuel ash contributions to 
slag chemistry, but fail to explore them in quantitative detail.
Thom as and Young (1999) take an iterative com puter intensive approach to
m aterials balances and, like Serneels, assume that furnace lining will tend to influence
slag chemistry. Theirs involves determining the enrichm ent factor (E) for the low
concentration rare earth elem ents (REE) in the slag due to iron rem oval as a function o f
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the ore to lining ratio in the smelting system. Each elem ent’s E is calculated for ore to 
lining ratios at intervals o f  0.02. The point where all elem ents intersect on a graph o f 
ore:lining versus E is taken as the oreilining mix value (X). The proportion o f the 
system rem oved as metallic iron (M) is determined by:
100 x ( l -  1 ) = M
'  E '  Equation 5.7
1 -X
  = L
X Equation 5.8
M
(1+L) x ----  = 0.77771
100 Equation 5.9
1 + L - I = S Equation 5.10
L is the quantity o f  lining required per unit o f  ore, I is the quantity o f  metallic iron 
yielded by the smelt, and S is the amount o f  residual slag.
A com plete m aterials balance, and one that provides the best possible estimation 
o f a bloom ery’s output, must include the effects o f  all sm elt com ponents on the final 
slag chemistry. The model followed in this paper is that developed by Peter Crew 
(2000). It uses an iterative graphical approach for determ ining the relative contribution 
o f  ore, furnace lining, and fuel ash to slag chemistry, attem pting to find the best-fit o f  all 
analysable elem ents. It was intended for situations, like those in northwest Wales, 
where the alum ina to silica ratios in ore and clay are very similar. Serneels’ method 
fails unless this ratio is significantly different.
An enrichm ent factor (EF) is calculated in a sim ilar m anner to that o f  Joosten et 
al. (1998) but includes provision for the relative proportions o f  all sm elting components.
jy   __________________________ (SiOz + Al2 Oj).^__________________________
(M x (S1Q2 + Al2 CbX*,) + (P x (SiQj + Al2 C b)^  ) + (C x (SiCb + Al2 Cb)^)
Equation 5.11
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M, P, and C are, respectively, the proportions o f  ore, lining, and fuel ash contributing to 
the slag chemistry. These are determined iteratively by com paring the expected slag 
chemistry with the em pirically determined mean slag chemistry. The fit o f  different 
lines is exam ined visually by first normalising the expected chem istry to that o f the 
mean slag and plotting the values on a log-scale. A perfect fit rests on the same 
horizontal line occupied by the mean slag. Lines can also be drawn for ore, lining, and 
fuel ash com positions (all normalised to the mean slag contribution) on a spidergram. 
The m aterials balance for XP27 is shown below (Figure 5.14). These provide a 
graphical means o f  inspecting the accuracy o f the estim ated values. They also show the 
various ways that different smelting components have contributed to slag chemistry. 
However, a num ber o f  discrepancies are noticed between the estimated slag 
composition and the empirically determined mean-slag com position. W hile some o f 
these are, no doubt, caused by errors in measuring chem istry, most o f  the larger over-
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Figure 5.14: Best-fit materials balance solution for XP27. EF = 1.65; 84.9% ore + 12.1% 
clay + 3.0% fuel ash = 48% iron yield. XRF analyses by Vincent Serneels (after Crew 2000,
40).
estimates o f  slag com position can be explained as com ponents that have been removed 
from the smelting system. Iron, most notably, is removed as the metallic bloom. Cobalt
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(Co), and nickel (Ni), also migrate into the bloom. Zinc (Zn), arsenic (As), and oxides 
o f  phosphorus (P) all have boiling points below 1000 °C, and would be expected to 
leave the system as gases. However, this very much depends on the total gas pressure 
within the furnace. Variable tem peratures and reducing conditions will affect how 
arsenic and phosphorus partition between the slag, bloom, and atmosphere.
Slag com positions can then be adjusted so that their locations in the FeO 
(+M n0 )-Si0 2 -A l2 0 3  ternary diagram are not biased by clay and fuel ash influences. 
The basic structure o f  the socio-econom ic system in which an iron production facility 
operates can be used to predict the region o f the ternary diagram that slag chemistry 
should plot. Testing and refinem ent o f  hypotheses is accom plished through 
comparisons with the cost-benefit structure o f iron production across space-time. Costs 
and benefits are derived from ancillary evidence such as palaeoenvironmental 
reconstructions, palaeodemographic patterns (especially population size and 
settlem ent/activity area distribution), and experim ental determination o f labour 
requirem ents for different socioeconomic activities. Once a technological system 
evolves a stable strategy, it is unlikely to be displaced w ithout significant environm ental 
upheaval.
Consider the economic differences between the Roman and later medieval iron 
industries o f  Britain. The general picture o f  the Roman industry suggests that it was 
largely controlled or at least heavily influenced by the needs o f  the central governm ent 
(Cleere 1975). Though the empire demanded high quantities o f  iron, competition 
between m anufactures was likely to have been relatively low. Selection would favour 
innovations that increased the output o f  iron (through larger furnaces perhaps), but not 
necessarily the risk-seeking behaviour that would lead to increased chemical efficiency. 
The medieval industry, however, was dominated by entrepreneurs and Cistercian monks 
who com peted not ju st with each other, but with high quality imports from abroad
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(Childs 1981). Demand, too, was substantially higher than in Roman periods, as iron 
became increasingly important to agriculture and building design.
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Figure 5.15: Plot o f Roman and Medieval slag specimens in the FeO-Si0 2-AI203 ternary 
phase diagram. Graph created from data published in Morton and Wingrove (1969; 1972).
W hile both industries would have embraced innovations leading to higher levels
o f  iron production, selection for stronger reducing conditions inside the furnace would
only be greater for the medieval industry. M edieval slag is predicted to plot nearer to
Optimum 1 on the F e0-S i02-A 1203  ternary phase diagram while the Roman slag tends
to cluster around Optimum 2. Data published by M orton and W ingrove (1969; 1972)
for both Roman and m edieval slag provides a simple illustration in support o f this
hypothesis (Figure 5.15). Though the contributions o f  clay and fuel ash are unknown,
this data still serves its illustrative function. The general trend o f  increasing yields was
also recognised by M orton and W ingrove (1972, 480) who suggested that
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“ improvements in technique with time would account for increasing efficiency and less 
wiistite in the slag.” W hile the result is unchanged in the present analysis, the 
explanation is not one o f  progressive evolutionary change, but o f  optim isation to the 
peculiarities o f  the socio-econom ic systems in operation at different times. 
Optim isation may have required new technological adaptations or simply refining 
existing techniques. Regardless, it is only a quirk o f  history that led the later medieval 
industry to be more technically advanced than that o f  the Rom ano-British.
Biased Transmission, Innovation, and Adaptive Trends
The model presented by Eerkens and Lipo (2005) and discussed in chapter 3 
provides an elegant means o f examining transm ission biases, the generation o f 
variation, and tem poral spatiotemporal trends in continuous variables. Essentially, 
human beings copy artefacts with an inherent error rate o f  about 4-5% , but probably 
varying according to individual skill and technological constraints (Eerkens 2000, 667). 
W ithout some constraint on copying behaviour (including interaction), variation in the 
population grows logarithm ically while the variable mean tends to remain constant. 
Transm ission biases constrain the am ount o f  variation around the population mean, but 
do allow the mean to wander across time (see Figure 3.3).
Unlike most kinds o f  artefact assem blages that are products o f  multiple 
producers, m any ancient ferrous slag assem blages can be assumed to be the product o f 
one individual and his assistants. This is the situation explored here. A second, more 
significant issue concerns the units used to measure copying errors in slag. Ancient 
smelters had no means by which to monitor, let alone copy, slag chemistry. Aspects 
that could be observed from bloomery artefacts would include such variables as bloom 
size, bloom quality (workability, hardness, and strength), slag viscosity, and slag 
glassiness. These, however, can only be copied indirectly as the observed result o f
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different methods o f  ore preparation, furnace construction, and furnace operation. 
Proxy m easures must therefore be created from slag chemistry in order to estimate 
potential sources o f  new variation as well as their characterisation as either below or 
above the perceptive threshold.
The two m ost significant sources o f variation in slag chem istry are here assumed 
to be (for the purpose o f  illustration): 1) ore selection and preparation; and 2 ) furnace 
operation. Two indices (F and G) introduced by Buchwald (2005) to characterise 
aspects o f  slag chemistry may be useful for generating approxim ate m easures to these 
behaviours that would also be have visible consequences to the ironworkers. F is the 
ratio o f  SiC>2 to AI2O 3 in a slag specimen and aids in the detection o f  extreme ore 
variability (equation 5.12, Buchwald 2005, 138)). The F-value will also be sensitive to 
contributions from the furnace lining. The G-value is an empirically derived index o f 
slag glassiness containing primarily fuel ash related oxides in the num erator and ore 
related oxides in the denom inator (Equation 5.13; Buchwald 2005, 170). Other indices 
and measures (including viscosity and iron yields) are also possible and their usefulness 
assessed according to specific hypotheses and data availability.
SiOj 
F =
A h Q 3  Equation 5.12
CaO + Al2 03 + K2 O + IVfeOq  —__________L 3____ L______ ^  x 100
FeO + MnO + BaO + P2 O5 Equation 5.13
Returning to the second hypothesis suggested by the KDE o f  the experimental 
series above, it is now possible to test whether or not the later experim ents reflect high 
levels o f  induced variation above the perceptive threshold. Since both the F-value and 
the G-value are reflections o f  ore selection/preparation and furnace operating
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conditions, the expected error ranges around each value increase to ± 25%, assum ing a 
5% error rate in copying. If  the observed changes in slag chemistry are a result o f  heavy 
experim entation, the error ranges calculated for F and G values (Table 5.7) should not 
overlap.
F-value results indicate that the first six experim ents (previously identified as a 
technological lineage) show no new variation that exceeds the perceptive threshold and 
no consistent trends (Figure 5.16). XP90, XP91, and XP92 show a significant decrease 
in F-value which is consistent with the intentional selection o f  a new ore variety. XP95
Table 5.7: Operating parameters for select experiments including the average F and G-values calculated 
from their slag chemistry. RP— Perry River bog ore; CM—Crawcwellt Moor bog ore; MW— Manatwan 
manganese ore. [Notes: 1) Crew 1991, 27—Table 1; 2) Crew 2004 personal communication; 3) Crew 
and Charlton n.d.J ___ ______  ___ ______
E x p e r im e n t
O re F u el:O re Air ( l/m in )
W all
T h ic k n e ss
(cm )
In te rn a l
D ia m e te r
(cm ) F -V alue G -V alue
XP271 RP 1:1 230 20 30 3 .8 23.1
XP291 RP 1:1 250 20 30 4 .7 37 .4
XP302 RP 1:1 20 30 4.1 28 .2
XP412 RP 1:1 230 20 30 4 .8 26.1
XP452 RP 1:1 20 30 4 .7 21.0
XP502 RP 1:1 20 30 5 .4 30.9
XP902 CM 1:1 40 35 3 .2 70 .8
XP912 CM 1:1 20 30 3 .0 39 .0
XP923 CM 1:1 1000-1200 40 35 3.5 89 .6
XP953 RP d u s t + MW 1:2 1000-1200 40 35 7 .2 24 .9
is also significantly different from XP92, again consistent with experim entation with 
ore. A much more revealing history o f  experimentation is shown in the fluctuating G- 
values (Figure 5.17). The error ranges surrounding the G-values for XP90, XP91, 
XP92, and XP95 fail to overlap at all, suggesting wildly varying glass contents. This is 
likely a reflection o f  variable reducing conditions and fuel ash contributions. That 
heavy experim entation o f  some kind was taking place seems certain. All o f this can o f 
course be confirmed by what is already known from the experim ents (Table 8 ).
158
10
8
6
4
2
0
o
LD
O '(N
cl
in
CL
CM
O '
CL.
ID
O '
CL
X
O '
Figure 5.16: Graph of average slag F-values with 25% error bars for bloomery 
experiments listed in Table 8
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Figure 5.17: Graph of average slag G-values with 25% error bars for bloomery 
experiments listed in Table 8.
The data used in this example is not amenable to addressing the role o f 
transmission biases since the effective population size consists o f  a single individual. 
Standardisation as a measure o f transmission bias can be addressed in archaeological 
examples, however, since each assem blage is derived from m ultiple smelting events and 
potentially m ultiple generations o f  ironworkers. It should also be possible to m onitor 
adaptive trends in smelting efficiency by indexing hypothetical iron yields from a slag 
assem blage against the baseline maximum bloomery yield for a given ore. Directional 
selection can be hypothesised when changes are system atic and can be shown to be 
increasingly adaptive relative to the environment. Stabilising selection can be
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hypothesised when stasis is observed in the index values through time and the slag 
chemistry can be shown to be an optimal solution with respect to the environm ent and 
within specified constraints.
Discussion
Both m aterials science and culture historical explanations are necessary to build 
full archaeological explanations o f  bloomery iron production (Figure 5.18). The m odels 
and methods described above are designed to identify spatiotem poral patterns o f  
variation in iron production systems and generate testable hypotheses for how they 
relate to innovation processes and the transmission o f  technical knowledge. These 
explanations have implications for understanding the place o f  ironworking within the 
wider social, econom ic, and natural contexts across the space-time continuum.
Three m ulti-com ponent sites in northwest W ales provide the raw materials for 
this study. Craw cw ellt West and Bryn y Castell (300 BC— AD 250) provide an 
opportunity to explore the relatively long term evolution o f  a small-scale industry as 
well as the impact o f  significant socioeconom ic upheaval in the wake o f  Roman 
conquest. Llwyn Du (fourteenth century AD) permits the analysis o f short term 
evolution o f  a relatively large-scale industry and the potential impact o f  self-created 
environm ental degradation. Results from this project will have theoretical implications 
for the study o f  iron production technology and be o f practical import for the regional 
archaeology o f  Wales. Finally, it is hoped that some o f  the methods developed herein 
will prove useful for more general problems o f  archaeom etallurgical characterisation.
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Figure 5.18: Systematic framework for the archaeological investigation of iron smelting slags in 
terms of immanent and configurational properties.
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Chapter 6: 
Archaeology of the  Sites
The m aterials in this study were excavated from three primary iron production 
sites in northw est Wales. Crawcwellt West, Bryn y Castell, and Llwyn Du each 
revealed diachronic sequences o f  varying lengths and complexity. Com prehensive 
excavation combined with experimental, palaeobotanical, and historical research has 
placed the sites firmly in their broader contexts. However, the sites are not without their 
problems, not least o f  which is a limited control o f  chronology. Nonetheless, the corpus 
o f  information gathered through nearly 30 years o f  continuous research in the region 
provides the best data available for testing the potential o f  evolutionary theory for 
explaining variation in ironworking technology.
The archaeology o f the sites is very com plex and the brief summ aries that follow 
can give no more than a flavour o f  the sites. Select excavation plans and photographs 
are provided to indicate the character o f  the sites and furnaces. Unfortunately, the final 
excavation plans and illustrations for Llwyn Du are still in production and are not 
available for presentation.
Crawcwellt West
Crawcwellt W est (SH 6 8 6  308) is a large (4 ha) upland site (300 m OD) situated 
ju st east o f  the Rhinog mountains on the southern slope o f  Moel y Gwartheg (Crew 
1983; 1986; 1987; 1988; 1989a; 1989b; 1990; 1991b; 1995; 1998a). It is characterised 
by a series o f  large enclosures and m eandering stone walls (Figure 6.1). Artefacts and 
dated features dem onstrate sporadic activity from at least the Early Bronze Age to the 
post-m edieval period (Crew 1998a, 22). The most significant features at Crawcwellt 
West, however, are a series o f  structures and ironworking features dating from
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sometime after 300 BC to 50 AD. Excavations concentrated on three areas o f  the site, 
labelled J, A, and H respectively.
Figure 6.1: Crawcwellt West site plan, northeast area (after 
Crew 1998a, 22, Figure 1).
Enclosure J
Enclosure J produced evidence for at least two m arked periods o f  ironworking 
(Crew 1998a, 22). The first is associated with stake-wall houses on platform s J1 and J5, 
and the second is defined by stone-founded houses on platforms J1 and J2. The earliest 
structure on J 1 was 11 m in diam eter and had an entrance made o f  six postholes (Crew 
1998a, 27-28). The latest building was smaller and set back from the edge o f the 
platform. Evidence also existed for several other structural components, though the 
precise num ber could not be determined.
Several ironworking features were found near the centre o f  the stake-wall houses 
on platform J1 (Crew 1998a, 28). Though individual features could not be assigned to
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specific structural components, it is clear from the overall distribution o f  residues that 
all phases were involved in iron production. A total o f  8  furnaces were preserved as 
shallow bowls and located in three clusters (Crew 1998a, 26-28). To the north was an 
isolated furnace which was reused as a refining hearth during the stone-wall component. 
The early central cluster included at least 4 furnaces on the edge o f  a hollow, beneath 
which was a small run o f  tap slag. A radiocarbon date was obtained from charcoal 
sealed under the central cluster indicating that ironworking did not begin on platform J 1 
until after 300 BC. A cluster o f  3 furnaces formed the southern group and was sealed 
by a sub-rectangular smithing hearth during the stone-wall component.
The stone-wall structure at J 1 is likely to have been purposely designed as a 
smithy (Crew 1998a, 23-25). It had 1.5m thick walls with a slightly oval interior 
measuring 5m x 4.5m. The entrance faced east, though the entrance-posts were 
arranged in a trapezoidal pattern and opened towards the northern half o f  the building 
rather than towards the centre o f  the building. A nother unusual feature o f  this building 
was its relatively thin south-western wall. There was likely a small opening here that 
could be used to adjust light or ventilation. The floor had a large quantity o f  smithing 
debris located in its southern-m ost area, some o f  this had cemented into a pan. On the 
eastern edge o f  the largest deposit o f  smithing debris was a rectangular hearth with thick 
burnt-clay walls. Plano-convex bottoms (PCB) made up a relatively high proportion o f 
this debris and were found in two general types based on mass. The first type averaged 
300-400g and was interpreted as residue o f primary bloom smithing activities. The 
second type averaged 100-150g and was unusually flat. These were interpreted as the 
products o f  artefact smithing.
Excavations on platform J5 revealed a sequence o f  three stake-wall houses, the 
largest o f  which was is 8.5m diam eter and associated with 2 furnaces located far to the 
north-west interior only 1.5 m from the wall (Crew 1998a, 29). This was unusual with
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respect to all the other ironworking structures at Crawcwellt W est, whose furnaces tend 
to be positioned in the centres or towards the entrances. Another unusual feature was 
their square plan. The next building in the sequence was slightly smaller and contained 
a single furnace at its centre. Smelting slag and un-roasted bog ores were found 
dispersed to its eastern side and across the building’s entrance. The archaeomagnetic 
declination o f  the southernm ost furnace was determined and indicated that it had last 
been fired some tim e around 300 BC (Crew 1998a, 34). The smallest and latest 
structure seems to have only been used for smithing. Several fragm ents o f  bloom and 
two fragments o f  bar iron were also found on platform J5, implying that all three stages 
o f  primary smithing took place within.
Slag dum ps were associated with both platforms J1 and J5 (Crew 1998a, 30). 
J4, a large slag heap associated with platform J 1, contained a large quantity o f smithing 
debris, presum ably from later activity in the stone-wall building, while the bottom 
contained a mixture o f  ironworking debris types from the stake-wall huts. The total 
quantity o f  debris at J4 was estimated to contain some 900 kg o f  ironworking debris. J6  
was a much sm aller slag heap associated with platform J5.
Site A
Site A consists o f  a round platform surrounded by a walled arc on which a series 
o f four tim ber structures had been constructed (Crew 1989a, 11-13; Figure 6.2). A 
series o f three stake-wall roundhouses define the platform ’s later period o f  use, all o f  
which housed ironworking features (Crew 1989a, 14). W hile neither the features nor 
their associated residues could be accurately attributed to any particular building 
component, there was sufficient evidence to show that iron production was carried out 
in each o f  them. A total o f  10 smelting furnaces were excavated, all o f  which faced the 
entranceways. The two latest furnaces (F04 and F41) proved valuable for inferring the
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Figure 6.2: Crawcwellt West Site A (after Crew 1989a, 13, Figure 2).
iron production cycle at platform A. Their internal diam eters were between 25 cm and 
35 cm with wall thicknesses varying between 15 cm and 20 cm. Both included a 15 cm 
break in their walls, presumably to provide an arch. Blow holes survived in both 
furnaces with diam eters o f  3.5 cm and were placed perpendicular to the arch at ground 
level. F41, the younger o f  the two furnaces, was rebuilt tw ice and F04 appears to have 
been finally reused as a reheating hearth for bloom smithing. Given their sim ilar states 
o f preservation, it is highly probable that F41 was used in conjunction with F04 as part 
o f  a combined smelting and primary smithing production strategy. The archaeological 
implication o f  this is that redundant smelting furnaces were routinely used as smithing 
hearths during the late Iron Age.
M ore than 200 kg o f  ironworking debris were inside the building, including 
smelting slag, smithing waste, and technical ceramic. Two dumps o f  bog ore were 
found within the buildings, one sample o f which had been roasted. A large dump o f
slag and other ironworking debris was located on the entrance passage to the houses and 
south o f  the external buttress wall (Crew 1989a, 14). The full mass o f  this deposit is 
estimated to be more than 1350 kg (Crew 1990; 1998a, 30).
In addition to the ironworking debris, there was a large spread o f  burnt stone, 
suggesting that site A may have served a dual purpose. O f the other artefacts excavated 
at site A, perhaps the m ost important was a fragm ent o f  a translucent dark blue glass 
bangle decorated with blue and white opaque cables (Crew 1989a, 14-15). Its stylistic 
and technological similarity to bangles unearthed at Bryn y Castell (discussed below) 
suggests that it dates to the period AD 1-50.
Archaeom agnetic dates were derived from four features (F04, F10, F41 and F61) 
indicate that the furnaces were last fired between 250 BC and AD 25 at two standard 
deviations (Crew 1989a, 15). It was impossible to distinguish any o f  the mean furnace 
archaeom agnetic directions from one another, but the presence o f  m ultiple structural 
components suggests that ironworking was carried out for a relatively long period. A 
schematic com parison o f  the stake-wall com ponents at Crawcwellt W est is provided in 
Figure 6.3.
Figure 6.3: Stake-wall roundhouses and furnaces at Crawcwellt West (after Crew 1998a, 30, 
Figure 7).
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Site H
Site H (Figure 6.4) consists o f  a single stone founded building with two 
ironworking com ponents— smelting followed by smithing (Crew 1998a, 25-26). The 
building itself is quite odd, being extremely small (2 . 8  m internal diam eter) with quite 
high walls. The base o f  the furnace was raised above the ground surface in order to 
promote tap slag, probably no more than 500 g per smelt. The furnace had been relined 
several tim es, ultimately reducing its internal diam eter from 35 cm to 25 cm. During 
the later phases, smithing took place am ongst the partially collapsed rem nants o f the 
building. The archaeom agnetic declination was determined for the furnace at area H 
and suggests that it was last fired about 50 BC (Crew 1998a, 34).
Figure 6.4: Site H plan; with the central
furnace and anvil stone (after Crew 1998a, 26,
Figure 4)
In total, more than 6.5 tonnes o f  slag were produced at Crawcwellt West 
representing some 1200 production cycles conducted over a span o f  100-300 years. 
Unfortunately, most o f  the stratigraphy is horizontal and the chronology remains 
uncertain. W hile there is a general picture that site J5 provides the earliest evidence for 
smelting and that site H provides the latest, it is impossible to put sites J1 and A into a 
strict order. The error ranges surround the dates for Site A are too great to conclude that 
smelting activities were any later than J l .  Both suggest that ironworking was carried
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out over long periods, possibly suggesting that operations were contemporaneous. The 
order used in this thesis is J5 — J 1 —* A —► H. W hile J1 and A will largely be 
considered contem poraneous, they are kept distinct in order to highlight differences.
Bryn y Castell-Hillfort
Bryn y Castell (SH 728 429) is a small (0.1 ha) hillfort located atop a rocky knoll 
(380 OD) with a small associated building (site A) situated 50m below to the north 
(Crew 1979; 1980; 1981; 1983a; 1983c; 1984; 1985; 1986a; 1988a; 1995a). The 
defences consisted o f  a lightly constructed stone wall enclosing a rounded triangular 
area o f  40 m x 25 m (Crew 1986a, 91).
Figure 6.5: Aerial photograph o f Bryn y Castell following site reconstruction
(photographed by Chris Musson).
Some o f  the artefacts from the hillfort included 26 fragm ents o f  at least 7 blue 
glass bangles (similar to those described from Crawcwellt W est) several chert gaming 
pieces (Crew 1980, 30), fragments o f  a gaming board, and two small iron objects (Crew 
1979, 49). At least four distinct ironworking areas can be delimited: Feature 20 outside
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the north rampart; structure 1 in the north corner; a sm elting/sm ithing area in the south­
west corner; and site A (Figure 6 .6 ).
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Figure 6.6: Bryn y Castell fort plan (after Crew 1986a, 92, Figure 1).
Feature 20 is an isolated smelting furnace surviving as a penannular bank o f 
stony clay built around a hollow o f  shattered bedrock (Crew 1986a, 91). Its internal 
wall had a diam eter o f  30 cm and associated clay debris suggests it would have been 
about 50 cm high. An archaeomagnetic date indicates that the furnace was last fired 
about 50 BC. However, radiocarbon dates from carbonised rootlets found beneath it 
suggest that its use may extend back into the second century BC.
A dum p was located ju st inside the north entrance containing charcoal, slag, and 
some bog ore. Ian D evine’s analysis o f the ore shows that it, too, was quite low in Mn, 
consistent with the slags. This story is incomplete, as m ore recent analyses have 
identified both high m anganese ore and slags (see Chapter 7). A nother dump was 
located ju st outside o f the north entrance containing ore, smelting slags, and a large 
proportion o f  furnace lining. This dump may be indicative o f another furnace outside o f 
the northern wall.
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Structure 1 is a snail-shaped stone-walled building which contained copious 
amounts o f  smithing debris; especially hammer scale, spherical slags, and platy slags 
from bloom smithing (Crew 1986a, 93). The snail-shaped structure was preceded by a 9 
m circular building with four large postholes and a central hearth dating to 230±100 BC. 
The hearth was sealed when the southern wall was moved north creating the distinctive 
spiral shape. The new entrance o f structure 1 faced the south-east, but opened only to 
the north-western part o f  the building rather than towards its centre. This seems to have 
been a purposely designed smithing structure. Thick charcoal deposits were located 
along the north and western portions o f  the interior and also contained quantities o f  slag 
and furnace lining. Charcoal from this area produced radiocarbon dates o f 40±70 BC 
and 170±70 BC for the top and base o f  the deposit, respectively. Importantly, the latter 
date was obtained from a filled posthole o f  the domestic structure.
The southern area o f the hillfort produced large quantities o f both smelting and 
smithing debris (Crew 1986a: 93-96). Features 208 and 200 provided good evidence 
for cyclical smelting and smithing activities. Feature 208 survived as a 50cm cobble- 
free zone with a 25cm internal diameter. It was recognisable as a smelting furnace by 
its heavily vitrified clay lining. The base consisted o f  a shallow pit dug into bedrock 
and had been relined at least once during its use-life. A small platform o f unbaked clay 
to the west o f  feature 208 may have been used as a small working area, or more likely 
as a stand for the bellows. A curious feature o f this furnace was that its north wall 
inclined 45° inward while its south wall remained nearly vertical. This was originally 
reported as a dom ed furnace (Crew 1983a, 17) and subsequently argued to be an 
eccentric cone shaped furnace reaching a height o f 20cm with a 5cm opening at the 
throat (Crew 1984, 39). Crew now suggests that this may be a m isinterpretation o f  the 
evidence and that it is far more likely that feature 208 is a low shaft furnace o f  the same 
character as the others on site (Peter Crew 2003, personal com m unication.). Feature
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208 also yielded an archaeomagnetic date o f  AD 50±15, making it one o f  the latest 
ironworking features at the hillfort (Figure 6.7).
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Figure 6.7: F20 and F208 furnaces at Bryn y Castell (after Crew 1986a, 92, Figures 2 and 3).
Feature 200 is less well defined and seems to have been used both as a furnace 
and as a reheating hearth (Crew 1986a, 96). The first phase o f  its history was 
recognisable as an oval interior 30 cm x 20 cm. It had stony clay walls that also 
incorporated bits o f  used furnace lining. Feature 200 was a freestanding structure built 
around a shallow pit, the edges o f which were coated with cemented bits o f slag. This 
indicates that it was used to reheat blooms. The second phase o f  feature 200 was 
m arked by a smaller, more circular structure with a 60 cm external diameter. A 
smithing debris field, similar to its first construction phase, indicates the furnaces 
continued use as a reheating hearth. The third rebuild, sim ilar to the second, exhibited a
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circular plan 2 0  cm in diam eter with quantities o f  sm ithing debris around its edges. 
Archaeom agnetic dates were recorded for the last two periods o f  feature 200’s use— AD 
25±15 and AD 60±30, respectively. Similarly, a small deposit o f  slag 30 cm to the 
north (F209) supplied a date o f AD 60±30. The locations o f  features 200, 208, and 209 
suggest primary smelting and smithing were taking place at the same time in this 
location.
There is some interesting evidence to suggest that different stages o f  the 
smithing process were carried out in adjoined, but clearly separated locations at the 
southern end o f  Bryn y Castell (Crew 1988a). Structure 3, west o f  feature 209, is 
defined by a sub-rectangular platform adjacent to the ram part foundation (Crew 1988a, 
131). After removal o f  all visible ironworking debris, soil samples were taken from 
each square m eter o f  the southern end o f  the hillfort (Crew 1988a, 133). Samples were 
floated, and spheres and scale sorted and quantified for every unit. Spheres were 
comm on in the area near features 200 and 208 and extremely rare in structure 3. 
Likewise, scale was found in both locations, but larger quantities were recovered from 
structure 3.
Bryn y Castell—Site A
Site A is a small round structure 30m north-east o f the hillfort with evidence for 
two periods o f  ironworking activity (Crew 1986a, 96; Figure 6 .8 ). The first component 
was a small tim ber structure containing at least two furnaces. Furnace F64 was the first 
indication o f  an earlier ironworking phase contemporary with the later phases o f  the 
hillfort. O ther evidence followed with a sequence o f  features in the centre o f  the 
building. One, F73, was preserved as a large oval (1.0m x 0.6m) and built over a 
shallow pit. It was only lightly vitrified under oxidising conditions and interpreted as a 
smithing hearth. Two archaeomagnetic dates from F73 showed that it was last used
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Figure 6.8: Bryn y Castell site A: a) early timber phase; b) late stone phase and slag dump 
(after Crew 1986a, 94, Figures 4 and 5).
between AD 50±30 and AD 60±30. F73 truncated F60 which was preserved only as 
intensely burned and reduced soil surrounded by a ring o f oxidised soil. Bits o f roasted 
ore adhering to its north edge indicated it use as a smelting furnace. Archaeom agnetic 
determinations on F60 suggest that it was last fired AD 75±40.
The later period o f  site A is marked by a poorly built 30 cm high stone wall 
(Crew 1986a, 96). The western half consists o f  two lines o f  block stones with a rubble 
core. The south-eastern segment only had the interior blocks and acted as a revetment 
for a bank o f stone above it. The north-eastern segment consisted o f a line o f  boulders. 
Crew (1986a, 96) describes it as a “ fairly flimsy lean-to affair” noting its similarity to 
m etalworking structures in south-east England (Crew 1986a, 100, endnote 12). M ost o f  
the features from this period were too damaged to add insight. Feature 28 was the last 
furnace in operation at site A, evidenced by a low bank o f  clay with slate flakes set on 
edge within its wall. An archaeomagnetic date for Feature 28 showed that it had last 
been used about AD 240±25. It overlapped an earlier furnace that dated to AD 200±30. 
Two additional features (37 and 41) yielded dates o f  AD 210±15 and AD 150±10, 
respectively.
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Perhaps the most curious features at Bryn y Castell site A are the approxim ately 
80 low-angle stake-holes (Crew 1986a, 98). These features were typically 2-4 cm in 
diam eter and at least 15 o f were lodged up to 50 cm into the soil at angles between 5° 
and 10°. The precise purpose o f  these is unknown, though one suggestion is that they 
were part o f  a foot-operated bellows system.
Site A also has an associated external slag dum p (Crew 1986a, 98) containing 
more than 400 kg o f  ironworking debris. It survived as a pair o f  superimposed lenses 
divided by a thin compacted layer. Ultimately, it proved possible to divide the dump 
into three general deposits— one early and contem porary with the last hillfort phase, two 
later dating from the mid second to mid third century AD.
Slag totalled some 1200 kg representing 245 production cycles (Crew 1995a, 
222). This activity was not evenly distributed across time. Rather it appears that iron 
production was intensifying until the Roman Army quelled the Ordovician insurgency 
during AD 74-78. Production only resumed around AD 150, after the Roman military 
abandons the Welsh mountains.
Llwyn Du
Llwyn Du (SH 724 279) is one o f  12 known bloomeries in Coed y Brenin, 
M erioneth (Crew and Charlton n.d.; Crew and Crew 1995; 2001; Crew 2002; Smith 
1995; Figure 6.9) dating to the late fourteenth and early fifteenth centuries. Production 
was carried out for an estimated fifty years and resulted in the accumulation o f  more 
than 250 tonnes o f  slag. This work seems to have been carried out in two major phases, 
though these can be subdivided into several more. Five defined phases are used in this 
thesis (A —* B1-B2 —> B3 —>C1 —► C2).
The core o f  the site is a single well preserved slag-tapping furnace overlain by a 
slag dum p (Figures 6.10 and 6.11). The furnace is a clay structure surrounded by a
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Figure 6.9: Map showing Llwyn Du and other Coed y Brenin bloomeries (after Smith 1995, 250, 
illustration 2).
number o f  stake-holes and incorporating an arc o f large stones. Its overall dimensions 
are 2 m x 1.50 m with 20-40 cm walls. A large stone-slab tank lined with clay was 
located east o f  the furnace mouth. This feature has no clear parallels and its exact 
function is unknown. Current thinking, based on experim entation, is that it served as a 
storage basin for hot charcoal. Such an innovation would certainly reduce fuel waste.
Excavation around the furnace revealed a triangular wedge o f  charcoal-rich 
debris resting on a clay base (Crew and Charlton n.d.). There is little doubt that this was 
the location o f  the bellows. The precise bellows configuration is unclear, but the 
preferred interpretation is that a pair o f  long bellows was blown alternately to provide a 
continuous blast o f  air into the furnace.
A second feature, situated to the north o f  the furnace, is now thought to be the 
m uddled remains o f  a reheating hearth distorted by three phases o f  activity (Crew 2006, 
personal comm unication). It too shows indications o f  being supported by a series o f
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Figure 6.10: The furnace at Llwyn Du after removal of the slag dump. The stone tank is 
in the foreground. (Photographed by Peter Crew).
external stakes. The large quantities o f  remnant stones about the hearth suggest that 
they may have made up a portion o f  its structure. To the south, is a 2m x lm  working 
area with com pacted ironworking debris or smithing pans. Other features o f  note 
include a stone anvil and a large hole for a wooden anvil block.
Figure 6.11: Llwyn Du slag dump with charcoal lenses in the section. The furnace is in 
the foreground. (Photographed by Peter Crew)
The furnace and refining hearth occupied separate ends o f  a 4.5m x 14.5 m
wooden building. The pattern o f building posts suggests that it served in two phases but
was constructed on slightly different alignments. The first phase dates from the 1350s
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to the 1370s and the second phase dates from the mid 1380s to 1399. Smelting, 
refining, and smithing were carried out inside the building in both phases. A stone 
covered drain runs between the furnace and refining hearth, cutting through a thick 
deposit o f  smithing debris. This debris and a stone anvil are associated with the first 
phase o f  activity.
A small U-shaped stone structure lies to the west o f  the furnace and is associated 
with a dom estic hearth. Both seem to belong to the earlier phase o f site. This was later 
filled with charcoal fines and ultimately sealed by the slag dump.
The prim ary slag dump was 2m high with a well-defined, albeit complex, 
stratigraphy (Crew 2002, 3). It consisted largely o f  alternating lenses o f slag and 
charcoal, indicative o f  cyclical activity. Indeed, nearly one third o f the main slag dump 
consists o f  charcoal rather than slag. Most o f  the charcoal was deposited as waste fines 
though larger pieces are not infrequent. Identification o f  several thousand charcoal 
fragm ents reveal that these are predominantly oak and birch species and that a subtle 
change in species representations and proportions occurs over time. This implies the 
existence o f  some kind o f  woodland management and re-growth.
The final dum ping activity was marked by two strata o f  charcoal separated by a 
10cm thick tu rf  layer. Crew (2002, 3) originally thought that this may relate to a fairly 
lengthy period o f  abandonment between the use o f  the first and second phases o f 
operation, during which time the local woodland was allowed to recover. Slag 
chemistry does indicate a marked change in the way smelting operations were 
conducted during the later phases o f  the site (see Chapter 9).
A charcoal processing area was located about 50 m northeast o f the main slag 
heap and contained a num ber o f  structural tim bers (Crew 2002, 3-4). One o f the most 
important finds was a large cruck, used to support a roof. Another tim ber was found 
underneath, apparently having served as a brace. Both are likely to have been structural
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components to the first phase building over the furnace. A wooden yoke was found 
lying next to the cruck and its suggested use is for carrying charcoal from this 
storage/processing area to the furnace. A dendrochronology study o f the many large 
charcoal fragm ents suggests that the area dates to an early fifteenth century phase o f 
activity and evidence for the furnace from this phase may have been destroyed by recent 
forestry work.
Historical records indicate that a num ber o f  bloom eries were operated in 
northwest W ales during the late fourteenth and early fifteenth century. A range o f 
dating procedures have been used at Llwyn Du, including dendrochronology, 
radiocarbon, and archaeomagnetic dating, both from conventional disc sampling and 
from high precision magnetic surveys over the furnace and hearth remains. This work is 
still in progress but is beginning to indicate three main phases o f  activity from about 
1355 to 1370, from 1385 to 1399 and an early 15th century phase.
The em erging picture is one o f an extremely well organised industrial complex. 
Ironworking at the scale and intensity shown at Llwyn Du would require some 10-12 
full time personnel to keep the furnaces in continuous production. Aside from a crew o f 
four furnace operators, the complex would need axemen and colliers to provide 
continuous supplies o f  wood and charcoal as well as full tim e ore collectors. Historical 
documents are especially valuable for estim ating some o f  the operating conditions and 
costs o f  iron production. The best estimate is that ironworkers in fourteenth century 
northwest W ales worked six days a week for 48 weeks to produce about 32 kg o f 
refined bar iron (assum ing weekly rents were equal to one sixth o f  total production; 
Smith 1995, 277-278). The price o f  iron was high, but competition was ever growing. 
The ironworkers at Llwyn Du had to be organised and efficient in order to produce 
enough iron to balance the costs o f  rent, labour, and supplies. Ultimately, bloomeries o f 
this character were forced to transform to or be out competed by furnaces with water-
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driven bellows and blast furnaces, both o f which could capitalise on increasing returns 
to scale.
Discussion
A comparison o f  ironworking features and residue quantities at Crawcwellt 
West, Bryn y Castell, and Llwyn Du reveals significant differences in technology and 
scales o f  production (Table 6.1). Crawcwellt West, a mid to late pre-Roman Iron Age 
site, produced iron at a time when its general availability was rising rapidly (Chapter 7). 
Bryn y Castell began producing iron regularly during the late pre-Roman Iron Age, 
increasing its scale o f production until the region was subdued by the Roman military. 
When production resumed following the withdrawal o f  military forces, it was at a 
smaller less intensive scale (Chapter 8 ). Production at Llwyn Du was immense in 
comparison to the prehistoric/Rom ano-British sites, but subject to competition from 
both domestic and European ironworks (Chapter 9).
Table 6.1: Comparative quantifications for Crawcwellt, Bryn y Castell and Llwyn Du (Crew 2006, 
personal communication). Productivity and process data were extrapolated using experimental values and 
are subject to future revision.____________________________________________________________
C ra w c w e llt Bryn y  C a ste ll Llw yn Du
F urnace  in te rn a l d ia m e te rs  (cm ) 25-30 20-25 35-45
Air r a te  ( litre s  p e r  m in u te ) 250 - 300 200 - 250 1000+
O re p e r  sm e lt ( ro a s te d  o re  eq u iv a le n t, kg) 8 8 30
Slag p e r  p ro d u c tio n  cy c le  (incl. sm ith ing , kg) 5 .4 4 .9 17.9
Bloom p e r  sm e lt (kg) 2 2 .5 8 .5
Fully re f in ed  b a r  iron  p e r  sm e lt (kg) 0 .8 0 .6 5.4
N um ber o f p ro d u c tio n  cycles 1200 245 14,000
C hronology 250BC-AD 50 150BC-AD 50 AD 150-250 1357-1450
y ea rs  o f p ro d u c tio n  (m a x /p ro b a b le ) 3 0 0 /1 0 0 3 0 0 /1 0 0 50
N um ber o f sm e lts  p e r  y e a r 4 to  12 1 to  3 280
E stim ated  to ta l  slag  q u a n tity  (tonnes) 6 .5 1.2 250
T o ta l bloom  p ro d u c tio n  (to n n es) 2 .4 0 .6 120
T o ta l re f in ed  b a r  p ro d u ctio n  (tonnes) 0.96 0 .15 76
180
M uch o f  the variation seems to be tied to fluctuating socioeconomic 
environm ents. The following chapters offer hypotheses to explain variation in 
ironworking residues at the site-specific level. While some differences and sim ilarities 
are clearly tied to geological constraints, most are the result o f  socially learned 
behaviours, replicated in environments with consequences.
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Chapter 7: 
Analysis of Iron Production a t Crawcwellt West
Ore, clay, smelting slag, and smithing slag have all been recovered from 
Crawcwellt W est. Too few ore and clay/technical ceramic specim ens were collected or 
analysed to enable a detailed study o f  their variation. Instead, these are characterised 
collectively and a few generalisations made. Following the m ethodology detailed in 
Chapter 5, variation in slag chemistry from components J5, J 1, A, and H is described 
and hypotheses offered for the observed patterns. Reflected light microscopy revealed 
that the glass phases o f  many o f the slag specim ens had been severely corroded. This 
was a late finding and greatly reduced the effective sample size for addressing problems 
related to technology and cultural transmission. Despite this unexpected problem, a 
num ber o f  interesting patterns could still be observed. (P)ED-XRF data for all 
specimens discussed in this chapter are listed in Appendix C.
Ore
The ore used at Crawcwellt W est is a locally available bog ore. W hether the 
sources occurred in large deposits or in randomly occurring blocks is not known. One 
dump o f  ore found at Site A had been roasted (Crew 1989, 14), but the majority, 
including that used in this analysis, was un-roasted. It is uncertain whether or not the 
raw ore found on site was representative o f that actually used in smelting operations or 
if  it had been sorted as waste.
Bulk chem istries were determined for 7 bog ore specimens found in various 
contexts at Craw cw ellt W est following the protocol described in Appendix A. Results 
for these and 8  additional analyses are given in Table 7.1. The ore chemistry is quite 
variable except in iron content. This is likely a reflection o f  the natural variation present
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in the bog ores and not representative o f  a well sorted sample. However, much more 
work would be necessary to adequately test this hypothesis. The specim ens labelled 
CCW 05-O and D are two fully homogenised colour/texture ore varieties sorted from the 
Crawcwellt archaeological collections. The “O” variety tends to be softer and red, 
while the “D” variety is hard and dark (Crew 2005, pers. comm.). Two specim ens were 
analyzed from each variety— one unwashed, one washed (labelled “w”). The primary 
effect o f  washing was to reduce the LOIs from 23-25 wt%  to around 15-18 wt%  through 
removal o f  the organic component and a small increase in Fe2C>3 concentration via the 
removal o f  about 2 wt%  AI2O 3. Finally, Ian Devine analyzed a num ber o f  small 
samples o f  Craw cw ellt West ore recovered from Site A with atomic absorption 
spectrometry (AAS). CCW1 and CCW3 consisted o f  roasted ore fines while CCW 2 
and CCW 4 were non-roasted lumps. This set also suggests considerable variation in 
AI2O 3 and SiC>2 values.
Table 7.1: Selected oxide concentrations for Crawcwellt West ores determined by (P)ED-XRF and AAS. 
All ores roasted for a minimum of one hour at 950 °C. SD—standard deviation; CV—coefficient of 
variation
S p e c i m e n M g O a i 2 o 3 S i 0 2 p 2 0 5 S 0 3 k 2 o C a O T i 0 2 M n O F e 2 0 3 B a O
C C W - H - 1 1 9 0 . 0 0 1 . 3 4 . 4 0 . 6 7 0 . 0 6 0 . 1 6 0 . 0 2 0 . 0 4 5 . 4 6 8 7 . 6 0 . 1 2 7
C C W - J 1 - 1 1 8 0 . 0 4 4 . 1 1 2 . 1 0 . 6 1 0 . 0 5 0 . 6 6 0 . 0 1 0 . 1 8 7 . 4 5 7 4 . 3 0 . 2 2 6
C C W - J 1 - 1 2 5 0 . 0 4 2 . 8 6 . 1 0 . 4 3 0 . 0 4 0 . 2 5 0 . 0 0 0 . 0 8 1 . 6 0 8 8 . 4 0 . 0 6 7
C C W - J 1 - 1 2 6 0 . 0 0 2 . 2 7 . 2 0 . 6 5 0 . 0 4 0 . 2 0 0 . 0 2 0 . 0 8 1 . 7 7 8 7 . 6 0 . 0 1 9
C C W - J 1 - 1 2 7 0 . 0 3 4 . 6 1 0 . 9 0 . 7 2 0 . 0 4 0 . 3 2 0 . 2 0 0 . 1 7 0 . 6 2 8 1 . 8 0 . 0 0 6
C C W - A - 1 2 1 0 . 0 6 2 . 2 4 . 8 0 . 2 7 0 . 0 5 0 . 2 0 0 . 0 1 0 . 0 5 5 . 5 7 8 6 . 7 0 . 0 8 8
C C W - J 1 - 1 2 8 0 . 0 0 0 . 8 2 . 0 0 . 1 9 0 . 0 9 0 . 0 5 0 . 0 0 0 . 0 0 0 . 8 0 9 5 . 8 0 . 0 1 7
S D 0 . 0 3 1 . 4 3 . 6 0 . 2 1 0 . 0 2 0 . 2 0 0 . 0 7 0 . 0 7 2 . 7 6 6 . 6 0 . 0 7 8
m e a n 0 . 0 3 2 . 6 6 . 8 0 . 5 1 0 . 0 5 0 . 2 6 0 . 0 4 0 . 0 8 3 . 3 3 8 6 . 0 0 . 0 7 9
C V 1 0 0 . 0 4 5 4 . 1 5 3 . 4 4 2 . 0 4 3 5 . 8 7 7 4 . 0 4 1 9 5 . 4 2 7 7 . 4 1 8 2 . 9 4 7 . 7 9 9 . 8 3
C C W 0 5 - 0 1 0 . 0 3 4 . 2 1 2 . 5 0 . 5 4 0 . 0 3 0 . 6 1 0 . 0 0 0 . 1 7 3 . 2 5 7 8 . 1 0 . 0 9 2
C C W 0 5 - 0 2 w 0 . 0 4 3 . 6 1 0 . 3 0 . 5 6 0 . 0 4 0 . 4 7 0 . 0 1 0 . 1 2 2 . 8 1 8 1 . 7 0 . 0 7 4
C C W 0 5 - D 1 0 . 0 0 2 . 5 7 . 3 0 . 4 2 0 . 0 4 0 . 2 4 0 . 0 5 0 . 0 7 3 . 3 6 8 5 . 6 0 . 0 9 1
C C W 0 5 - D 2 w 0 . 0 1 2 . 2 5 . 2 0 . 3 6 0 . 0 5 0 . 1 8 0 . 0 2 0 . 0 4 3 . 0 3 8 8 . 6 0 . 0 8 4
C C W 1 0 . 0 7 2 . 6 9 . 4 0 . 2 7 0 . 4 2 0 . 0 3 0 . 2 0 1 . 9 1 8 5 . 0
C C W 2 0 . 0 5 2 . 5 4 . 8 0 . 2 0 0 . 3 7 0 . 0 2 0 . 0 7 9 . 3 0 8 2 . 6
C C W 3 0 . 0 5 7 . 4 2 0 . 0 0 . 2 3 0 . 7 7 0 . 0 6 0 . 4 5 4 . 3 8 6 6 . 2
C C W 4 0 . 1 8 3 . 9 1 0 . 5 3 . 3 5 0 . 3 2 0 . 0 8 0 . 1 8 6 . 4 3 7 4 . 9
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Clay and Technical Ceramic
The clay used for furnace construction and repair at Crawcwellt W est is from the 
boulder clays, which have a variable stone content. It is difficult to tell what, if  any, 
clay processing was done on site. Larger stones had been rem oved and examination o f 
bulk samples show that clays used for furnace structures often included a slag tem per, 
reaching proportions o f  up to 30 % by weight (Crew 2006, personal comm unication). 
Clays used for linings were more carefully prepared, with removal o f  nearly all stone. 
(P)ED-XRF analyses o f  11 clay/technical ceramic specim ens reveal them to be 
m oderately variable, yet far more chemically consistent than the ore (Table 7.2). Three 
hypotheses are equally likely without a more thorough study o f  clay geology: 1)
chemical variability o f  the analyzed clays is characteristic o f  all clays in the local area; 
2 ) clay was gathered from a single relatively hom ogenous source while ore was 
collected from m ultiple sources across a heterogeneous landscape; and 3) the analyzed 
clay sample represents a specially chosen or processed material for furnace construction. 
The small num ber o f  analysed specimens is also an important point o f  concern.
Table 7.2: Selected oxide concentrations for Crawcwellt West clay/technical ceramic specimens
determined by (P)ED-XRF. All values reported as wt%. SD— standard deviation; CV—coefficient of 
variation
S p e c i m e n M g O A I 2 O 3 S 1O 2 p 2 o 5 S O j K 2 0 C a O T i 0 2 M n O F e O S r O B a O
C C W - A - 3 0 7 2 . 0 2 1 7 . 6 6 8 . 6 0 . 0 9 0 . 0 3 2 . 9 5 0 . 3 3 0 . 9 4 0 . 1 5 5 . 8 0 . 0 0 8 0 . 0 4 8
C C W - A - 3 0 8 2 . 1 3 1 8 . 3 6 6 . 8 0 . 0 9 0 . 0 3 3 . 1 3 0 . 4 1 1 . 0 3 0 . 1 5 6 . 2 0 . 0 0 9 0 . 0 4 5
C C W - A - 3 0 9 1 . 8 8 1 7 . 3 6 8 . 3 0 . 0 9 0 . 0 4 2 . 9 7 0 . 3 7 1 . 0 6 0 . 2 0 6 . 2 0 . 0 0 9 0 . 0 4 5
C C W - A - 3 1 0 1 . 8 7 1 6 . 9 6 9 . 5 0 . 1 0 0 . 0 4 2 . 9 7 0 . 3 3 0 . 9 4 0 . 1 6 5 . 7 0 . 0 0 8 0 . 0 4 6
C C W - J 1 - 3 0 0 1 . 6 2 1 7 . 7 6 9 . 9 0 . 1 0 0 . 0 7 2 . 8 6 0 . 1 8 0 . 9 7 0 . 2 0 5 . 2 0 . 0 0 8 0 . 0 4 8
C C W - J 1 - 3 0 1 1 . 4 6 1 4 . 1 6 8 . 4 0 . 0 9 0 . 1 5 2 . 5 7 0 . 4 5 0 . 8 7 0 . 4 9 1 0 . 2 0 . 0 0 9 0 . 0 4 8
C C W - J 1 - 3 0 2 1 . 6 8 1 8 . 1 6 9 . 2 0 . 0 9 0 . 1 0 2 . 6 1 0 . 1 5 1 . 0 8 0 . 1 9 5 . 6 0 . 0 0 8 0 . 0 3 9
C C W - J 1 - 3 0 3 1 . 2 4 1 8 . 0 6 9 . 7 0 . 0 9 0 . 0 5 3 . 3 1 0 . 1 8 0 . 9 6 0 . 1 6 5 . 1 0 . 0 0 9 0 . 0 5 4
C C W - J 5 - 3 0 4 1 . 5 3 1 5 . 1 7 1 . 2 0 . 1 0 0 . 0 6 2 . 9 5 0 . 5 2 0 . 9 8 0 . 1 8 5 . 8 0 . 0 1 1 0 . 0 4 6
C C W - J 5 - 3 0 5 1 . 6 2 1 5 . 3 6 6 . 4 0 . 0 9 0 . 0 7 2 . 5 4 0 . 3 5 0 . 8 8 0 . 7 2 1 0 . 5 0 . 0 0 9 0 . 0 5 6
C C W - J 5 - 3 0 6 1 . 5 9 1 5 . 4 6 8 . 9 0 . 0 9 0 . 0 6 2 . 6 4 0 . 5 6 1 . 0 1 0 . 4 2 7 . 5 0 . 0 1 1 0 . 0 4 4
S D 0 . 2 6 1 . 5 1 . 4 0 . 0 0 0 . 0 4 0 . 2 5 0 . 1 4 0 . 0 7 0 . 1 9 1 . 9 0 . 0 0 1 0 . 0 0 5
m e a n 1 . 6 9 1 6 . 7 6 8 . 8 0 . 0 9 0 . 0 6 2 . 8 6 0 . 3 5 0 . 9 7 0 . 2 7 6 . 7 0 . 0 0 9 0 . 0 4 7
C V 1 5 . 2 3 8 . 8 2 . 0 3 . 1 0 5 5 . 2 8 8 . 6 2 3 8 . 8 9 6 . 8 2 6 8 . 1 3 2 8 . 5 1 2 . 8 5 2 9 . 5 3 9
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Slag
The slag at Crawcwellt W est can be grouped into six types: 1) furnace or F slag; 
2) PCBs; 3) dense cakes; 4) furnace bottoms; 5) tap slag; and 6 ) unclassified or UC slag 
(see Figures 7.1 and 7.2). Except for tap slag, which was exceedingly rare, none o f the 
types can be perfectly discrim inated from each other. Furnace slag is recognised as 
more or less amorphous lumps with relatively large charcoal inclusions or voids. They 
often have quasi-ropy structure with smooth clean cooling surfaces indicating molten 
flows with no clearly discernable or preferred orientation. PCBs, discussed in chapter 4, 
have plano-convex, concave-convex, or convex-convex cross-sections and appear round 
or oval shaped in plan view. Depending on cooling conditions, they may have well- 
defined and pronounced cooling surfaces where the bellow s’ driven air is blown into the 
hearth. Charcoal inclusions and voids tend to be small, if  present at all, and surfaces 
tend to be much sm oother in appearance. Dense cakes have a high relative density, no 
charcoal voids or inclusions, low porosity and a very smooth texture. M ost dense cakes 
are thought to be associated with smelting tasks, but their m orphologies do overlap with 
PCBs. Furnace bottom s tend to be large dense pieces o f  slag resem bling a cross 
between PCBs and F slag. They are thought to be a residual build-up from multiple 
smelts but could also be formed by the pooling o f  very fluid slag from a single smelt. 
At Crawcwellt West, slag labelled furnace bottoms were typically very large (>1 kg in 
mass) with properties largely consistent with F-type slag and dense cakes. This is by far 
the most contentious slag type, many having m orphologies consistent with that o f  PCBs. 
Tap slag was infrequent w ith a small run found in situ with the isolated northern furnace 
o f  platform J1 (Crew 1998, 28) and much more comm only among the dump o f  slag 
associated with platform  H. Nothing resem bling true tap slag was found during 
sampling for this project. Finally, UC or unclassified slag includes all specimens whose
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shape or surface corrosion was extensive enough to remove all morphologically 
distinguishable traits. These accounted for 30-50 %  o f  the entire slag assemblage.
5 c m  3  cm
Figure 7.1: Morphological slag types from Crawcwellt West, a) F-slag with amorphous
structure and large charcoal voids—CCW-J1-078; b) F-slag with a quasi-ropy surface 
structure—CCW-H-058; c) dense cake with flow-like surface structure—CCW-A-044; d) UC 
slag with amorphous shape and heavy surface corrosion—CCW-J5-070.
Bulk chemistries were determined for 120 slag specimens following the protocol 
described in Appendix A. All morphological slag types from all primary production 
areas were represented in the sample. Specimen selection involved a stratified “grab” 
sampling strategy, with major biases introduced by choosing material o f suitable size 
for chemical and microscopic examination and preferential collection o f  less corroded
186
5 c m *  c m
Figure 7.2: Morphological slag types from Crawcwellt West (continued), a and b) 
furnace bottom with amorphous outer crust and two formation layers— CCW-A-047; 
c and d) PCB with deep central depression—CCW-J1-043.
pieces. Preliminary statistical analysis o f the slag chemistry revealed very complex
patterns that defied any possible cultural explanation. M icroscopic examination o f a
small ( - 1 0  %) sub-sample, however, revealed that differential corrosion o f the glass
phase was the major cause o f the observed chemical structure. Figures 7.3 and 7.4
contain a series o f  micrographs showing uncorroded and corroded slag specimens,
respectively. When these specimens are highlighted in a graph o f the first two PC axes
o f slag chemistry (Figure 7.5), it becomes obvious that there is a definite division
between the uncorroded and corroded groups. The corroded slag has been effectively
enriched in FeO due to the depletion o f SiC>2 and other oxides present in the glass. The
division between groups is not clear, probably because o f variation in the degree o f
corrosion between specimens. The most practical solution is to consider all slag
specimens that plot to the left o f  the left-most empirically determined uncorroded
specimen to be corroded and all those to the right to be uncorroded.
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Figure 7.3: Micrographs of uncorroded slag in the 10 % sub-sample: a) CCW-J5-041; b) CCW-J1-
111, c) CCW-A-015; d) CCW-A-018. Microstructures consist o f blocky fayalite, globular wiistite, 
and glass.
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Figure 13: Micrographs of uncorroded slag in the 10 % sub-sample (continued): e) CCW-A-044; 
f) CCW-H-051; g) CCW-H-058. Microstructures consist o f blocky fayalite, globular and dendritic 
wiistite, and glass.
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Figure 7.4: Micrographs of corroded slag in the 10 % sub-sample: a) CCW-J5-O70; b) CCW-J5- 
116; c) CCW-J1-071; d) CCW-J1-074. Microstructures consist (or consisted of) blocky and chained 
fayalite, globular and dendritic wiistite, and glass.
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The effective sample size is reduced to 38 specimens. A statistical summary for 
select oxides is provided in Table 7.3. Note that the variation in SiC>2 and AI2O 3 
concentrations is much less (14.9 and 17.0 %) than that o f  the ore (53.4 and 54.1 %). 
Clay additives will reduce the total variation in smelting slag, but not by this degree 
w ithout contributing at least 20-25 % to the total mass. Engineering and constraint 
analyses should be relatively unaffected since they use immanent properties. 
Evolutionary analyses will be more strongly impacted since variation cannot be 
adequately described. Nonetheless, there is sufficient material to construct some 
general evolutionary hypotheses and thereby lay the foundation for future studies.
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Figure 7.5: PCA for all slag analyzed from Crawcwellt West. Open 
triangles indicate relatively uncorroded specimens in microscopic section; 
boxes indicate corroded specimens in microscopic section. The left side of 
the graph is dominated by highly corroded slag with inflated FeO contents 
while the right side of the graph contains relatively uncorroded specimens.
Table 7.3: Summary statistics for uncorroded Crawcwellt West slag. SD— standard deviation; CV— 
coefficient o f variation
S l a g
S u m m a r y M g O a i 2 o 3 S1O2 P2O5 S03 K 2 0 C a O T i O z M n O F e O SrO B a O
m e a n 0 . 4 6 5 . 1 2 0 . 1 0 . 2 2 0 . 3 8 0 . 6 2 0 . 6 7 0 . 2 2 5 . 9 5 6 5 . 6 0 . 0 0 5 0 . 1 3 6
S D 0 . 1 8 0 . 9 3 . 0 0 . 1 5 0 . 2 0 0 . 2 0 0 . 3 0 0 . 0 6 3 . 5 7 4 . 3 0 . 0 0 3 0 . 0 8 3
C V 3 9 . 2 7 1 7 . 0 1 4 . 9 6 5 . 5 4 5 3 . 1 7 3 1 . 8 0 4 4 . 1 4 2 5 . 4 1 6 0 . 0 3 6 . 6 5 7 . 8 3 0 6 1 . 2 0 5
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Task-Delimited Constraints
The method for identifying task-delimited constraints on slag works on the 
assum ption that all specim ens in the sample represent a single depositional context and 
that both smelting and smithing residues are evenly represented. The second criterion 
could not be met by the Crawcwellt W est slag. Only 4 o f  the 38 uncorroded specimens 
were typologically identified as probable smithing slag and half o f  these derive from 
site A. PCA results for all contexts other than site A were extremely ambiguous and the 
patterns o f  loadings differed markedly from those expected (see Figure 7.6). The best
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Figure 7.6: PCA plots for slag chemistries from Crawcwellt West sites J5, J l, A, and H. Only slag 
derived from site A resulted in the expected distribution o f loadings under the task-delimited 
constraint model.
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explanation is that the structure o f sample variation in all contexts other than site A is 
indeed defined almost entirely by smelting slag. The site A sample, however, seems to 
be composed mainly o f  smithing slag. Group identifications and refinem ent for site A 
slag are shown in Figure 7.7.
Height
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Figure 7.7: Group identification and refinement summaries for Crawcwellt West site A iron
production slag, a) Dendrogram arising from a centroid cluster analysis showing 8 groups. The 
cluster containing CCW-015, CCW-A-030, CCW-A-032 is hypothesised to be smelting slag, b) PCA 
plot showing final group identifications as refined by a A-means cluster analysis.
In order to both test this possibility and rem ove all smithing slag from the 
sample, a PCA was carried out on the entire set o f  uncorroded specimens (Figure 7.8). 
All PC B’s and hypothesised smithing slag from site A are highlighted. The smithing 
group is discernable, although it does overlap with the main group, and is most strongly 
characterised by a high positive correlation o f  MgO and K2O. The zone o f  overlap is 
expected since the sample is derived from multiple contexts. The single PCB remaining 
in the J5 sample (CCW -037) plots well within this group and is therefore chemically 
identified as a smithing slag. The PCB from site H (CCW -H-022), however, plots with 
the smelting slag group. However, its morphology combined with its distance from the
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main cluster o f  H slag in both Figures 7.6 and 7.8 suggests that this specimen is a 
smithing slag. W hile CCW -H-022 cannot be chemically identified as a smithing slag, at 
least not with certainty, it is still removed from further analytical consideration.
Table 7.4: (P)ED-XRF results for selected oxide concentrations o f Crawcwellt West smelting slag. All 
values reported as wt%______________________________________________________________________
S p e c i m e n C o n t e x t M g O a i 2 o 3 S i 0 2 P z 0 5 K 2 0 C a O T i 0 2 M n O F e O S r O B a O
C C W - 0 3 4 J 5 0 . 4 5 5 . 1 2 0 . 0 0 . 1 7 0 . 7 5 1 . 1 0 0 . 2 4 1 2 . 6 8 5 8 . 2 0 . 0 1 2 0 . 2 7 0
C C W - 0 4 1 J 5 0 . 3 6 4 . 2 1 8 . 0 0 . 1 5 0 . 6 4 0 . 4 9 0 . 1 9 8 . 4 6 6 6 . 5 0 . 0 0 7 0 . 1 8 3
C C W - J 5 - 0 6 3 J 5 0 . 5 5 4 . 7 1 8 . 8 0 . 1 2 0 . 5 2 0 . 4 5 0 . 1 8 7 . 3 7 6 6 . 3 0 . 0 0 3 0 . 1 5 0
C C W - J 5 - 0 8 4 J 5 0 . 6 5 3 . 4 1 7 . 9 0 . 1 1 0 . 6 6 0 . 5 2 0 . 2 0 5 . 7 3 7 0 . 0 0 . 0 0 3 0 . 0 6 8
C C W - J 5 - 0 8 7 J 5 0 . 3 5 4 . 6 1 8 . 6 0 . 1 5 0 . 5 7 0 . 6 1 0 . 2 2 9 . 3 6 6 4 . 7 0 . 0 0 7 0 . 1 8 6
C C W - J 5 - 0 9 2 J 5 0 . 4 5 5 . 8 1 9 . 7 0 . 3 1 0 . 6 7 0 . 3 7 0 . 2 1 0 . 7 1 7 0 . 9 0 . 0 0 1 0 . 0 1 5
C C W - J 5 - 0 9 3 J 5 0 . 5 3 5 . 0 1 7 . 9 0 . 2 3 0 . 5 1 0 . 6 2 0 . 2 3 4 . 7 4 6 9 . 2 0 . 0 0 6 0 . 1 4 5
C C W - J 1 - 0 4 9 J 1 0 . 5 8 5 . 6 2 1 . 6 0 . 2 4 0 . 5 9 0 . 4 5 0 . 1 9 2 . 0 1 6 7 . 8 0 . 0 0 1 0 . 0 3 3
C C W - J 1 - 0 7 7 J 1 0 . 4 5 6 . 0 1 9 . 2 0 . 1 6 0 . 4 4 0 . 4 0 0 . 2 4 5 . 9 0 6 6 . 6 0 . 0 0 1 0 . 0 6 0
C C W - J 1 - 1 0 2 J 1 0 . 3 5 4 . 7 1 4 . 8 0 . 1 0 0 . 3 4 0 . 5 6 0 . 1 4 1 1 . 8 8 6 6 . 2 0 . 0 0 6 0 . 3 4 0
C C W - J 1 - 1 0 4 J 1 0 . 4 9 4 . 4 2 2 . 3 0 . 1 9 0 . 6 4 0 . 8 3 0 . 2 4 5 . 0 3 6 4 . 8 0 . 0 0 7 0 . 0 9 1
C C W - J 1 - 1 0 6 J 1 0 . 5 3 5 . 4 2 1 . 8 0 . 1 5 0 . 7 0 0 . 5 1 0 . 3 0 9 . 1 3 6 0 . 5 0 . 0 0 3 0 . 1 5 0
C C W - J 1 - 1 0 9 J 1 0 . 3 6 5 . 4 1 8 . 5 0 . 2 3 0 . 4 6 0 . 7 4 0 . 2 8 1 3 . 6 7 5 9 . 4 0 . 0 0 3 0 . 1 7 9
C C W - J 1 - 1 1 0 J 1 0 . 3 3 5 . 6 1 8 . 2 0 . 2 5 0 . 5 8 0 . 6 7 0 . 3 0 1 2 . 8 2 6 0 . 2 0 . 0 0 5 0 . 2 2 0
C C W - J 1 - 1 1 1 J 1 0 . 4 2 4 . 9 1 7 . 2 0 . 1 2 0 . 3 1 0 . 3 5 0 . 2 1 8 . 3 7 6 7 . 5 0 . 0 0 1 0 . 1 5 5
C C W - 0 1 5 A 0 . 4 4 3 . 7 1 6 . 1 0 . 2 0 0 . 5 4 0 . 4 7 0 . 1 2 6 . 0 4 7 1 . 2 0 . 0 0 3 0 . 2 6 4
C C W - A - 0 3 0 A 0 . 3 9 3 . 9 1 6 . 2 0 . 1 1 0 . 5 3 0 . 5 4 0 . 1 7 6 . 4 3 7 0 . 6 0 . 0 0 2 0 . 2 5 0
C C W - A - 0 3 2 A 0 . 5 2 4 . 0 1 6 . 1 0 . 1 1 0 . 4 8 0 . 6 3 0 . 1 5 5 . 7 0 7 1 . 3 0 . 0 0 4 0 . 1 9 1
C C W - 0 2 7 H 0 . 1 9 4 . 8 2 1 . 3 0 . 3 4 0 . 3 7 0 . 5 0 0 . 2 1 5 . 6 4 6 5 . 4 0 . 0 0 4 0 . 1 7 1
C C W - 0 3 1 H 0 . 2 8 5 . 5 2 3 . 0 0 . 2 7 0 . 6 5 0 . 5 6 0 . 2 6 7 . 2 3 6 1 . 0 0 . 0 0 7 0 . 2 1 7
C C W - 0 5 1 H 0 . 2 3 6 . 3 1 7 . 3 0 . 3 4 0 . 4 7 1 . 0 2 0 . 2 4 1 0 . 9 8 6 1 . 9 0 . 0 0 8 0 . 1 9 4
C C W - 0 5 4 H 0 . 3 1 6 . 0 2 3 . 1 0 . 1 7 0 . 9 2 0 . 8 9 0 . 2 6 6 . 7 1 6 0 . 4 0 . 0 0 6 0 . 1 8 1
C C W - 0 5 5 H 0 . 2 6 5 . 3 2 0 . 1 0 . 5 7 0 . 4 1 0 . 7 1 0 . 2 0 7 . 2 1 6 4 . 1 0 . 0 0 4 0 . 1 5 6
C C W - 0 5 7 H 0 . 2 5 5 . 9 2 3 . 7 0 . 2 7 0 . 8 4 0 . 6 6 0 . 2 7 7 . 2 0 5 9 . 6 0 . 0 0 9 0 . 2 6 1
C C W - 0 5 8 H 0 . 2 2 5 . 3 2 1 . 7 0 . 5 3 0 . 4 6 0 . 6 7 0 . 2 4 4 . 9 9 6 4 . 8 0 . 0 0 3 0 . 0 9 0
C C W - 0 6 0 H 0 . 3 7 4 . 7 2 2 . 3 0 . 2 3 0 . 5 1 0 . 5 6 0 . 2 7 4 . 0 5 6 6 . 1 0 . 0 0 1 0 . 0 7 0
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Figure 7.8: PCA plot o f all uncorroded slag specimens from Crawcwellt West. The graph on 
the left includes loading vectors while that on the right highlights PCBs (stars) and hypothesised 
smithing slag (pentagons) from site A.
Lineage Identification and Characterisation
Unease Construction
A PCA was carried out on all Crawcwellt W est sm elting slag as a first step in 
investigating diachronic patterns and technological transm ission (Figure 7.9). Specimen 
scores were classified and ordered according to the procedures outlined in chapter 5 
(Figure 7.10). Because o f  sample size limitations, the resulting class distribution cannot
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Figure 7.9: Plot of scores on PC axes 1 and 2 for 
Crawcwellt West smelting slag.
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be trusted to represent the true structure o f  chemical variation present at Crawcwellt 
West. It does suggest, however, a num ber o f  interesting avenues for further study.
The chronological arrangement o f  ironworking areas at Crawcwellt W est is 
based on a limited set o f  low-presicion absolute dates (see Chapter 1). The order o f 
sites J5 and H is fixed, but there remains a high p robab ility  that J1 and A are 
contem poraneous. Sites J1 and A have been kept distinct for the purpose o f  general 
contextual analysis, but, without more secure dating evidence, must be consolidated for 
the purpose o f  evolutionary analysis.
A dynamic technological lineage can be inferred from the overlapping 
distribution o f  slag classes through time at Crawcwellt W est (see Figures 7.10 and 7.11). 
The one major directional change in the lineages is the gradual reduction o f FeO in slag
P C 0 1
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# •  J5
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84
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3
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•
0 1 2 3 \ 5 6 7
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Figure 7.10: Classified smelting slag scores shown in chronological order and planview.
Both are shifted into quadrant 1. Classes are defined as the cells formed by the intersection 
of the regularly spaced gridlines.
over time. This suggests that iron producers were becoming increasingly efficient at 
making iron. There also seems to be a slight increase in the am ount o f  M nO in the 
lineage, though these specimens do not appear in the optim al recipe zones (defined as 
25 %  KDE contours, Figure 7.11). Both changes appear to originate in phase J l-A ,
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Figure 7.11: KDEs for smelting slag from each phase of iron production at
Crawcwellt West. The graph at the bottom shows a colour-coded composite KDE of 
all phases: J5—Black; J1—Blue; A—Green; H—Plum.
suggesting that smelters were making more extensive explorations through the space o f 
chemical possibility. Problems o f equifinality prevent any attempt to explain the timing 
o f this exploration. A change in the selective regime could have prompted a short-lived 
increase in experimentation, but it is just as likely that new variants were added slowly
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over a long period and then obscured by the effects o f  tim e-averaging. As noted in 
chapter 1 the duration o f J l-A  is unknown, but ironworking activities probably took 
place over a much longer period than at either J5 or H. Lacking additional evidence, the 
mode and tem po o f  change at Crawcwellt W est is most parsim oniously characterised as 
gradual and constant.
The site A smelting slag sample is an anomalous group characterised by 
relatively high FeO concentrations and low quantities o f  clay-related oxides. This is 
likely due to a very limited sample size o f  3 coupled with some bias in specimen 
selection. W hile analyses o f site A slag are included below, no evolutionary inferences 
are drawn from them.
Materials Balance and Yield Estimation
The pattern o f  decreasing levels o f  FeO in the slag suggests a long running 
selective pressure, probably for increasing yields. The first step in evaluating this 
hypothesis is to estim ate the materials balance and yield for each slag assemblage 
following the method described in chapter 5. Problem s already m entioned with regard 
to ore sampling limit these determinations to ordinal scale measures. Given this 
situation, the decision was made to use the Crawcwellt W est ore specimen with a Si0 2 - 
AI2O 3 ratio (or F-value) that most closely matched that o f  the average slag from each 
assemblage.
The charcoal selected is equally contentious. The chemistry o f  fuel ash varies 
according to species, geology, and the part o f the tree used. A variety o f  tree species 
were available for exploitation, though Alder and Oak are the m ost likely candidates for 
ironworking in northw est Wales. While oak was the dom inant variety at Crawcwellt 
West, there was little value in analysing it because o f  contam ination issues. In default 
o f  analyses o f  locally grown timbers, the fuel-ash chemistry enlisted here has been
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averaged from two o f Tim Y oung’s XRF analyses on Gwent and Glamorgan oak 
charcoals. While this leads to a largely speculative measure o f  fuel ash contribution, its 
effect on the yield should be minimal.
Another problem was identified when it became impossible to balance both Ba 
and Mn. This implied that either the analytical ore was significantly different from that 
actually used or that there was a missing component. Black, M n-rich ores were present 
in low frequency at the site, but not included in the analytical sample. Thus, the average 
chemistry o f  a M n-rich ore sample obtained from Crawcwellt moor and the nearby site 
o f Llwyn Du was included in the materials balance. W hile a substantial improvement 
was made, it still proved impossible to simultaneously balance Ba and Mn.
Finally, practical considerations demanded that the best-fit materials balance be 
based on more than a simple visual assessment. In this case, a fit was considered 
“good” if  the set o f  modelled element concentrations for a slag (Si, Al, Zr, Ca, and Mn) 
were within 10 %  relative o f the measured concentrations. Relevant chemical data for 
all materials are provided in Table 7.5. Following the conventions used in Crew (2000), 
all chemistry is represented as elements rather than oxides. Sixteen elements are 
displayed in the m aterials balance graphs (Figures 7.12-7.15).
Excluding the material from Site A, which failed to balance within the specified 
error range, all m aterials balances were more or less equivalent. Resource contributions 
to slag chemistry ranged from 8 8  to 90 % for ore; from 4 to 6.5 %  for M n-rich ore; from 
5 to 6  %  for clay; and from 0.4 to 0.5 %  for fuel ash. The inaccuracies cited above 
make any attempt to supply error ranges for these values a m eaningless endeavour. 
More interesting is the trend o f  increasing yields through time. This confirms the 
proximate mechanism  driving the previously identified chem ical trends. It is worth 
reiterating that the values reported are only ordinal scale. However, they do conform
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reasonably well to the experimental yields (40-50% ) for this mode o f  bloomery smelting
(Crew 1991a, 27-28; 2000, 39-41).
Table 7.5: Select elements and materials used in Crawcwellt West materials balances. Charcoal XRF 
analysis was conducted by Tim Young (unpublished data) and is an average of charcoals made from oak 
collected in Gwent and Glamorgan. All values reported as wt %.__________________________________
%  F e
S p e c i m e n M a t e r i a l S i T i A l Z r C a B a  M n F e Y i e l d
C C W - J 1 - 1 2 6 o r e
o r e
3 . 4 0 . 0 5 1 . 1 0 . 0 0 3 0 . 0 1 0 . 0 1 7  1 . 3 7 6 1 . 2
M n - r i c h  o r e a v e r a g e 4 . 4 0 . 2 8 2 . 0 0 . 0 0 5 0 . 1 5 0 . 3 2 8  3 6 . 7 5 1 7 . 5
C C W  c l a y
c l a y
a v e r a g e 3 2 . 2 0 . 5 8 8 . 8 0 . 0 2 6 0 . 2 5 0 . 0 4 2  0 . 2 1 5 . 2
T Y - o a k c h a r c o a l 2 . 6 0 . 0 3 0 . 7 0 . 0 0 0 4 6 . 8 0 0 . 0 0 0  1 . 9 4 1 . 0
J 5
a v e r a g e
s l a g
m o d e l e d
8 . 7 0 . 1 3 2 . 5 0 . 0 0 8 0 . 4 2 0 . 1 3 0  5 . 4 3 5 1 . 7 4 3 . 8
s l a g 8 . 5 0 . 1 5 2 . 7 0 . 0 0 8 0 . 4 5 0 . 0 5 6  5 . 0 8 9 1 . 6
J 1
a v e r a g e
s l a g
m o d e l e d
9 . 0 0 . 1 4 2 . 8 0 . 0 0 9 0 . 4 0 0 . 1 3 8  6 . 6 6 4 9 . 8 5 0 . 8
s l a g 8 . 9 0 . 1 7 2 . 9 0 . 0 0 8 0 . 4 0 0 . 0 7 0  6 . 5 9 1 0 0 . 8
A
a v e r a g e
s l a g
m o d e l e d
7 . 6 0 . 0 9 2 . 1 0 . 0 0 6 0 . 3 9 0 . 2 1 0  4 . 6 9 5 5 . 2 2 . 3
s l a g 7 . 3 0 . 1 4 2 . 3 0 . 0 0 7 0 . 3 7 0 . 0 5 1  4 . 7 1 5 6 . 5
H
a v e r a g e
s l a g
m o d e l e d
1 0 . 1 0 . 1 5 2 . 9 0 . 0 0 9 0 . 5 0 0 . 1 5 0  5 . 2 3 4 8 . 9 5 4 . 7
s l a g 9 . 8 0 . 1 7 3 . 1 0 . 0 0 9 0 . 5 1 0 . 0 5 9  5 . 2 2 1 0 7 . 1
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Figure 7.12: Best-fit materials balance solution for CCW-J5 slag. EF = 1.65; 
88.5 % ore + 5.0 % Mn-rich ore + 6.0 % clay + 0.5 % fuel ash = 43.8 % iron yield
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Figure 7.13: Best-fit materials balance solution for CCW-J1 slag. EF -  1.82; 
88.1 % ore + 6.5 % Mn-rich ore + 5.0 % clay + 0.4 % fuel ash = 50.8 % iron yield
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Figure 7.14: Best-fit materials balance solution for CCW-A slag. EF = 1.11;
79.9 % ore + 8.5 % Mn-rich ore + 11.0 % clay + 0.6 % fuel ash = 2.3 % iron yield
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Figure 7.15: Best-fit materials balance solution for CCW-H slag. EF = 1.92;
89.5 % ore + 4.0 % Mn-rich ore + 6.0 % clay + 0.5 % fuel ash = 54.7 % iron yield
Lineage Explanation
Why should there be a trend for increasing iron yields at Crawcwellt W est? This 
question can only be answered by examining the costs and benefits o f  iron production in 
relation to the socioeconomic environment. There are three relevant environmental 
scales to consider: 1) the environm ent o f  exchange; 2 ) the environm ent o f  production; 
and 3) the environm ent o f  learning. Each scale carries its own structural biases that can 
be used to generate hypotheses for the evolution o f bloomery recipes and, by proxy, slag 
chemistry. At present, the prehistoric socioeconomy o f  northwest Wales is poorly 
resolved. A few generalisations can still be made, however, given some knowledge 
about the archaeology o f  ironworking in Britain and the expected behaviour o f 
economic systems.
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Exchange and Production
W hile the earliest evidence o f  ironworking in Britain dates to c .700 BC, it is not 
until c.300 BC that the exchange o f  iron as a raw material becomes prominent in the 
archaeological record (taking the pattern at Danebury to be representative; see Crew 
1995b, 278; Salter and Ehrenreich 1984, 152-154). The industry continues to grow into 
the first century BC. Indeed, Strabo’s Geography IV.V.2, written sometime after 
Caesar’s invasion o f  54 BC, lists iron as one o f  Britain’s exports (Hamilton and 
Falconer 1903). It is also during this time that trade generally increases between 
southern and south-eastern Britain and continental Europe (Collis 1984, 162-163; Hill 
1995, 78-89), bringing with it the first hints o f  urbanism (Collis 1995; 169-170). 
Northwest W ales, however, does not seem to be particularly well connected to this 
economic network given the relative paucity o f  imported items in archaeological 
assem blages (Cunliffe 1991, 100).
Iron was traded in semi-finished forms often referred to as currency bars. 
Currency bar m orphology provides information o f  two kinds: the region o f  its
production and its overall quality (Crew 1994, 346-347). Experimental work (Crew 
1991, 32-34) has shown that manufacturing a bar involves refining and welding a bloom 
into a condensed block or billet, then drawing it down into a thin bar. One end is then 
thinned, splayed, and bent into a socket. Some bars also have their tips folded back and 
welded to the main body. As Crew (1994, 346) explains, “these are all basic 
blacksm ithing operations which would be used to make objects.” Flaws in the metal 
would be clearly seen in the bar or would require additional effort to hide. The 
additional labour spent in fitting mechanically unnecessary features to refined metal was 
presumably intended to increase its chances o f  being exchanged. Other, more stylistic 
features would signal the iron’s origin and type (e.g., high or low phosphorus alloys; 
Crew 1994, 347). Currency bar finds have a relatively high density across southern
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Britain. They are notably absent, however, from the two best-known iron production 
regions in Britain— the Weald and the Forest o f  Dean— and have not been found in 
northwest W ales outside o f  Anglesey (Crew 1994, 347-348). This is not especially 
surprising since ironmaking communities would have little use for value-added trade 
iron.
Rom an and medieval Europeans continued to trade iron in bar form, but in more 
standardised rectangular forms (see Buchwald 2005, 102-105 for discussion and 
illustration related to various forms o f  trade iron). The qualitatively high level o f 
variation in Iron Age bars suggests they were probably traded in a decentralised market- 
based economy. Bowles and Gintis (1998, 6 ) distinguish comm unity, market, and state 
economies in term s o f  the structure o f  their interaction (see Figure 7.16). These 
structures impose different constraints on information costs and contractual risks. 
While com m unities and states are able to mitigate the risk o f  acquiring false information 
and enforce contractual agreements, decentralised m arkets cannot. Rather, individuals 
are free to enter and leave relationships at will and no structure exists to punish cheaters. 
In order to induce individuals to participate in trade in a decentralised market, contracts 
have to be designed to prevent cheating and ensure that all parties benefit (Farrell 1987, 
120). Imbuing trade iron with costly features that provide an honest signal o f quality is 
one obvious way to reduce cheating on the side o f  primary production.
Anonymous 
Personal
Figure 7.16: The structure of interaction in different
socioeconomic institutions (after Bowles and Gintis 1998, 22, 
Figure 1).
Ephemeral Enduring
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The existence o f  trade iron suggests the division o f  ironworking into specialised 
bloom smelters and blacksmiths. This hypothesis is supported by the observation that 
small quantities o f  ironworking residues, usually interpreted as smithing debris, are 
found on m ost Iron Age sites (Hill 1995, 63). Unfortunately, these m aterials have not 
been studied in sufficient detail to provide a true test. The ethnohistorical record, 
however, indicates that such a distinction was common in many African societies (e.g., 
Kusimba 1996, 400) and the functional division o f  medieval iron producers and 
blacksmiths can be inferred from purchasing records (Childs 1981; Salzman 1952, 286- 
317, Threlfall-Holm es 1999) and rentals (Smith 1995, 266-267).
The size o f  the prehistoric British iron economy is extremely small in 
comparison to that o f  later endeavours. While there is little doubt that it was growing 
rapidly, especially during the early first century BC, it was not until the Romano-British 
period that production reached industrial scales. The inhabitants o f  pre-Roman Britain 
used iron principally for agricultural tools, knives, weapons, and elite items (products 
that would not need high rates o f replacement), while later populations demanded 
substantially more as an essential building material. Salter and Ehrenreich (1984, 151) 
estimate that the rate o f  prehistoric iron loss per year might be as low as 2 0 0  
g/settlement resulting in a British demand that would not exceed more than about 10 
(liberally estim ated) tonnes per year. In contrast, late medieval Sandwich alone was 
importing an average o f  170 tonnes o f  iron per year (Childs 1981, 26) and Britain, 
herself, was producing an estimated 900-1200 tonnes per year— a substantial demand 
increase even when considering estimated population changes from between 400,000 
and 4 million (Brothwell 1972, 79; Hill 1995) during the Iron Age to 6  million in 1300 
(M ayhew 1995, 244).
However, there remains a discrepancy between the num ber and scale o f 
identified iron production sites and the few tonnes o f  iron demanded by the population
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each year (Salter and Ehrenreich 1984, 151-152). Crawcwellt W est is the largest pre- 
Roman iron production site yet excavated, yielding some 6.5 tonnes o f  slag and an 
estimated 0.5 tonnes o f  bar iron over a period o f  100-300 years (Crew 1998, 31). This 
is equivalent to some 1200 production cycles, amounting to between 4 and 12 cycles per 
year, assum ing continuous use o f  the site (Crew, 1998a, 31). This seasonal level o f  
production indicates that smelting was not a full-time occupation. Yet as Crew (1998, 
34) suggests, sites with the same scale o f  production as Crawcwellt W est must have 
numbered in the hundreds.
There is no clear evidence to say whether Crawcwellt W est was producing iron 
for local consum ption or for external trade. A unique variety o f  currency bar found at 
Llyn Cerrig Bach offers the tantalising possibility that they may be products o f  
northwest W ales (Crew and Salter 1993), but there is no way o f  knowing without some 
attempt to source its m etal’s origin. The relatively low frequency o f  iron tools 
recovered from prehistoric Welsh contexts prompted Davies (1995, 683) to suggest that 
the material did not play a significant role in the region’s agriculture. If correct, then 
the implication is that Crawcwellt W est and sim ilar sites (o f  which several are known; 
see Crew 1991c, 157) would have been producing alm ost entirely for external markets.
There is also no direct evidence to indicate how production itself was organised. 
Citing early Irish literature, Champion (1995) argues that association with a kin-group 
was probably the m ost important level o f  social identity. The ethnography o f African 
societies suggests that iron production was typically controlled by a few families or 
clans (e.g., Kusimba 1996, 400; Rowlands 1971, 217). Such a pattern was also 
common am ongst medieval iron producers (Epstein 1998, 691). Assum ing kin-group 
control over prehistoric iron production in Britain, the production environm ent is likely 
to have biased innovation in a m anner similar to later craft guilds. Craft guilds and 
specialist kin-groups will favour technological variants that reduce resource costs and
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increase product quality, while tending to reject those that increase resource 
expenditures or reduce the need for skilled labour (Epstein 1998, 695-696). As resource 
costs increase or become fixed, control over the production process shifts towards 
individuals or groups that own supplies and away from those who own skills. This 
reduces the inflated benefits associated with m onopolistic or oligopolistic control over a 
particular market. Similarly, labour-saving mechanism s reduce the need for, and 
therefore devalue, investments in skilled workers.
W hether prehistoric ironworkers in northwest W ales were participating in 
external trading networks or ju st supplying local demands, the organisation o f 
production is unlikely to have promoted anything other than cost-saving and quality 
enhancing innovations. That is, innovations that increased yields o f  iron without 
increasing fuel costs or risk o f  failure would be favoured. C rew ’s (1991a) experimental 
work suggests that a failed smelt is equivalent to the waste o f  some 40 m an-hours’ work. 
Investments in risky experimentation would have been selected against, unless the 
potential benefits o f  success significantly offset the potential costs. With a low iron 
demand in Britain generally and an even smaller dem and regionally, any innovations 
that led to intensification o f the process would likely devalue the product and reduce 
overall benefits to the producers. Selection would, however, tend to favour variants o f  a 
smelting recipe that lead to increasingly efficient energy use relative to iron yield that 
did not entail substantial risk. The slag from such recipes (assuming the use o f FeO-rich 
bog ore and no flux) is expected to have a chemistry plotting near Optimum 2 on the 
Fe0 -Si0 2 -Al2 0 3  phase diagram. As explained in Chapter 5, this optimum is a natural 
basin o f  attraction for bloomery systems. Slag with this chemistry is fluid at 1148 °C 
with relatively low viscosity and a reduced risk o f  failure.
Figure 7.17 shows the Crawcwellt W est smelting slag plotted on the Fe0 -Si0 2 - 
AI2O3 phase diagram. All specimen values have been adjusted to account for the
207
Si02
100
90
60
80,
100,
FeO
( +  M n O  i n  p l o t s )
10040 50 60 70 80 90300 10 20
Figure 7.17: Plot of Crawcwellt West slag on the FeO-Si02-Al20 3 ternary phase 
diagram. Specimens have been “corrected” by removing 6 % of the average clay 
from their chemistries
chemical effects o f  the estimated 6  % clay contribution. Ignoring the site A slag, there 
is a gradual diachronic movement o f  specimen chem istries towards optimum 2. This 
trend culm inates with the site H slag which is distributed more or less evenly around the 
optimum. This lends support to the hypothesis that selection gradually increased iron 
yields to an optimum recipe for the environment. However, it is not a complete test. 
Iron smelting does not continue at Crawcwellt W est into the period o f Roman 
occupation. Testing this hypothesis and the assertion that innovations would be limited 
to resource saving improvements requires a more extensive examination o f  pre-Roman 
ironworking in W ales and beyond.
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Social Learning
Little is known about the process o f  instructing novices in the metallurgical arts 
during prehistory. However, ethnographic and historic sources suggest that 
apprenticeship and/or parent-offspring teaching are dom inant and both approxim ate a 
one to one mode o f cultural transmission (Shennan and Steele 1999). Apprenticeship, 
or something like it, offers the lowest cost solution (prior to formal education) to 
teaching specialist skills in a fluctuating m arket where both teachers and students are 
given adequate incentives to participate (Epstein 1998, 6 8 8 ). Assum ing this to be the 
case, ironworking practices are expected to be highly conservative within a 
technological lineage, but may vary significantly between lineages. Similarly, if iron 
producers within a region form a distinct kin-group comm unity, then high levels o f 
conform ist and perhaps prestige bias should act to suppress the amount o f  variation in a 
smelting recipe.
The model for detecting transmission biases in archaeological assemblages 
cannot be properly applied to Crawcwellt W est slag because o f  temporal uncertainties 
and the small sample size. Despite these problems, the model can still be used to 
indicate the general strength o f bias located in different tasks o f  the ironmaking recipe. 
Both ore handling and furnace operation are investigated below.
Error calculations are based on an estimated num ber o f  production cycles per 
furnace per context. Starting with the assumption that 1200 productions cycles were 
distributed evenly across all 2 2  furnaces, the estimated num ber o f  cycles per furnace is 
55. This num ber is then multiplied by the num ber o f  furnaces per building and by an 
estimated percentage o f tim e-averaged variation. The percentage o f time averaged 
variation was derived from a simulation study o f  250 lineages. Each lineage began with 
a trait value o f 10 and then allowed to evolve for 1200 generations assuming a 5.0% 
error rate under unbiased transmission. Coefficients o f  variation (CV) were calculated
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for the each lineage’s trait value over generation-spans equal to the num ber o f  estimated 
smelting cycles per context. These were then used as an estimate o f  the expected range 
o f  tim e-averaged variation. Should the mean index value for each context lie outside o f  
the error range for the preceding generation, then the change in behaviour is inferred to 
be above the perceptive threshold (i.e. involved conscious decision making).
Buchw ald’s F-value serves as the best index o f  ore selection and refinem ent 
because S i C >2 and A I 2 O 3 are expected to m aintain a constant ratio between ore and slag. 
The F-value will also be sensitive to variation in clay contribution. This problem can be 
avoided by subtracting the percentage o f  contributing clay as determined by the 
m aterials balance. A plot o f “refined” F-values for each ironworking context is
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Figure 7.18: Graph of mean F-values for successively dated
contexts at Crawcwellt West. All values refined by subtracting 
6.0% of the average clay. Error bars: J5 = ± 12.7 %; J1 = ± 20.0 %; 
A = ± 22.2%; H = ± 6.6 %.
provided in Figure 7.18. All values are well within the expected error ranges and show 
no evidence o f  a trend other than stasis. Variation in F-values also changes very little 
(see Figure 7.21). The relative stability o f the F-values is consistent with both drift and 
stabilising selection. However, their relatively stable levels o f  variation are more 
supportive o f biased transmission. Drift or unbiased transmission would tend to 
increase variation, while selection would tend to decrease variation. A hypothesis for 
biased transm ission, perhaps with some stabilising selection, is consistent with a vertical 
transmission mode o f  social learning.
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Buchw ald’s G-value provides a good index o f  slag glassiness, especially as it 
relates to variation in fuel ash contribution. It is expected to be sensitive to changes in 
burn rates and fuel to ore ratios. W hile trends in furnace operation can be observed, the 
G-value is not a direct measure o f  furnace efficiency. An alternative index, one that 
only considers oxides specifically related to reducing conditions and ideal slag 
formation is offered as a substitute. This index, hereafter term ed an S-value is formed 
by m ultiplying wt % SiC>2 by the m olar ratio o f  FeO to Si0 2  in fayalite (2.39) and 
dividing this product by the sum o f  FeO and MnO (Form ula 6.1; all values in wt%):
An S-value o f  1.0 is equivalent to a pure fayalitic slag, while those greater than 1.0 are 
increasingly glassy and those less than 1.0 are increasingly rich in wiistite. Reducing 
conditions are expected to be positively correlated with the value o f  the index. 
However, the precision o f the measurem ent (as with G-value) depends on the 
assumption o f  a comm on ore source and a reasonable estimate o f  clay contributions.
G and S-values for successively dated contexts at Crawcwellt W est are graphed 
in Figures 7.19 and 7.20. Ignoring values for site A, both G and S indicate gradually
S =
2 .3 9  x  S i0 2 
FeO + IVfciO
Formula 6.1
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Figure 7.19: Graph of mean G-values for successively dated
contexts at Crawcwellt West. All values refined by subtracting 
6.0% o f the average clay. Error bars: J5 = ± 12.7 %; J1 =± 20.0 %; 
A = ± 22.2 %; H = ± 6.6 %.
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Figure 7.20: Graph of mean S-values for successively dated
contexts at Crawcwellt West. All values refined by subtracting 
6.0% of the average clay. Error bars: J5 = ± 12.7 %; J1 = ± 20.0 %;
A = ± 22.2%; H = ± 6.6 %.
increased reducing conditions over time. All means are within the error limits o f  their 
predecessors, implying that change was below the perceptive threshold.
The only noticeable pattern difference in the two graphs is found at site H, 
where the S-value suggests a more pronounced increase in reducing conditions than 
does the corresponding G-value. The similarity o f  the patterns suggests that a factor 
common to both values is responsible for the increase in reducing conditions. In this 
case it seems likely that both fuel ash-related oxides and silica are increasing in 
proportion to ore-related oxides because iron is being extracted from the system in 
higher quantities. G would be more divergent from S if  fuel to ore ratios were being
tampered with. A comparison o f  variability for G and S (Figure 21) shows that G-
values maintain relatively stable variation over time while the variation in S-values 
increases substantially between J5 and J1 . This too suggests that the variant behaviours 
arose from a lifting or lessening o f  constraints related to burn rates and/or ore residence 
times. The increase o f  variation related to reducing conditions coupled with selective 
retention o f  those variants that produced higher than average metallic yields led to a 
gradual increase in furnace efficiency. Variation in bum  rates induced by changes in 
rate o f  air flow is the simplest explanation, and a pattern o f  increasing blow rates and 
correspondingly higher tem peratures is consistent with the increased fluidity observed
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in site H slags. This may be due to an improvement in the bellows design and/or air 
delivery system. Experimental work has shown this to be a key ingredient for efficient 
iron production recipes (Crew 2006, personal comm unication).
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Figure 7.21: Patterns of variation in Crawcwellt West slag
Summary
A nalysis o f  the Crawcwellt West slag, though hampered by corrosion, shows 
that primary iron production activities were part o f  a single technological lineage. Iron- 
makers practiced their craft within what is likely to have been a kin-based enterprise 
against a backdrop o f  increasing volumes o f  trade. Demand for iron was generally low 
but growing and the prehistoric industry seems to have grown in proportion rather than 
invest itself in innovative behaviour. Nonetheless, smelting at Crawcwellt W est did 
evolve.
Though acknowledging that the small sample o f  slag could have biased many o f  
the observed patterns, there seems to be sufficient material to argue in favour o f  
gradually increasing smelting efficiency at Crawcwellt W est. FeO quantities gradually 
decreased in slag chemistry without any supporting evidence for changing ore use. 
M aterials balances showed also that these changes were not caused by increasing clay
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contribution, but by increasing the efficiency o f  iron extraction from what was probably 
a standardised ore.
New technological variants emerged from a relaxation o f  constraints on furnace 
operation, probably from increased blowing rates. All other aspects o f  the smelting 
recipe seem to be fixed. There is no evidence to indicate that increasing furnace 
efficiency was in any way consciously chosen. The null hypothesis o f  randomly 
accum ulating variants through weakly or unbiased transm ission is retained. Depending 
on one’s perspective, selection or direct bias led to more frequent copying o f  those 
variants that produced better than average results.
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Chapter 8: 
Analysis of Iron Production a t Bryn y Castell
Ore, clay, smelting slag, and smithing slag were recovered during the Bryn y 
Castell excavations. A limited num ber o f  ore and clay/technical ceramic specim ens 
were selected for analysis, but the sample is not sufficiently representative to constitute 
a detailed investigation o f their variation. Instead, a collective characterisation is 
offered below with a few general observations pointed out. Following the methodology 
detailed in Chapter 5, variation in slag chemistry from the hillfort and three levels o f  the 
site A dum p are described and hypotheses offered for the observed patterns. Reflected 
light microscopy revealed that the glass phases o f  many o f  the slag specimens had been 
severely corroded, ju st as at Crawcwellt West. This late finding dram atically reduced 
the effective sample size and lessens the strength o f  inferences regarding technology 
and cultural transmission. Nonetheless, a num ber o f interesting patterns are still 
observable and are explored below. (P)ED-XRF data for all specim ens discussed in this 
chapter are listed in Appendix D.
Ore
The ore used at Bryn y Castell is a locally available bog ore, most likely 
extracted from the adjacent m oorlands (Crew 1986, 91). It is not known whether the 
sources occurred in large deposits or in randomly occurring blocks. More than 7 kg ore 
were found on site, the majority o f  which were o f  the low m anganese variety (Crew 
1986, 91). At least some were m anganese rich however, as reflected in the analyses for 
both ore and slag. All ore specimens in this analysis were recovered from general 
contexts and there is nothing in their chemistry which would indicate they had been 
rejected.
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Bulk chem istries were determined for 7 bog ore specim ens in the Bryn y Castell 
collections following the protocol described in A ppendix B. These include 5 iron-rich 
and 2 manganese rich varieties. Results for these and 4 additional analyses are given in 
Table 8.1. The ore chemistry is quite variable except in iron oxide and silica contents. 
It is not clear whether this reflects natural geologic variation or artificial sorting. W hile 
the ore is less variable than that analysed for Crawcwellt West, this may be an artefact 
o f its richness (averaging more than 90 wt%  Fe2C>3). The ores are also exceptionally 
rich in arsenic. The Slag Fun method is poorly calibrated for arsenic so values may 
vary significantly from their true levels. However, previous AAS analyses by Ian 
Devine also record rather high values o f  arsenic.
Table 8.1: Selected oxide concentrations for Bryn y Castell ores determined by (P)ED-XRF and AAS. 
All ores roasted for a minimum of one hour at 950 °C. All values reported as wt%. SD— standard 
deviation; CV—coefficient o f variation_______________________________________________________
Fe-rich ore M g O A l 2 0 3 S i 0 2 P i O , K z O C a O T 1O 2 M n O F e 2 0 3 A s 2 0 3 S r O B a O
B Y C - 4 0 1 0 . 0 5 0 . 2 1 . 2 0 . 6 9 0 . 0 2 0 . 0 0 0 . 0 0 0 . 1 9 9 2 . 5 4 . 8 8 0 . 0 0 0 0 . 0 0 0
B Y C - 4 0 2 0 . 0 0 0 . 7 1 . 6 0 . 7 1 0 . 0 4 0 . 0 0 0 . 0 0 0 . 3 1 9 4 . 6 1 . 8 0 0 . 0 0 0 0 . 0 0 0
B Y C - 4 0 4 0 . 0 9 0 . 6 1 . 4 1 . 8 4 0 . 0 4 0 . 0 0 0 . 0 1 0 . 1 5 8 5 . 8 9 . 9 4 0 . 0 0 0 0 . 0 0 0
B Y C - 4 0 5 0 . 0 6 0 . 5 1 . 1 0 . 5 1 0 . 0 2 0 . 0 0 0 . 0 0 0 . 1 3 9 6 . 7 0 . 6 3 0 . 0 0 0 0 . 0 0 0
B Y C - 4 0 6 0 . 0 0 0 . 4 1 . 2 2 . 3 1 0 . 0 2 0 . 0 0 0 . 0 0 0 . 1 7 9 1 . 3 4 . 3 8 0 . 0 0 0 0 . 0 0 0
m e a n 0 . 0 4 0 . 4 8 1 . 3 1 1 . 2 1 0 . 0 3 — 0 . 0 0 0 . 1 9 9 2 . 1 7 4 . 3 3 - —
S D 0 . 0 4 0 . 2 0 0 . 1 7 0 . 8 1 0 . 0 1 - 0 . 0 0 0 . 0 7 4 . 1 3 3 . 6 0 - -
C V 9 6 . 0 0 4 1 . 2 0 1 2 . 6 7 6 6 . 5 6 4 7 . 4 0 - 1 4 7 . 7 7 3 7 . 0 2 4 . 4 8 8 3 . 2 5 - -
Mn-Rich ore
B Y C - 4 0 3 0 . 0 9 9 . 1 8 . 9 1 . 1 7 0 . 7 1 0 . 0 0 0 . 1 5 4 0 . 4 3 3 8 . 9 0 . 1 0 0 . 0 0 1 0 . 1 2 2
B Y C - 4 0 7 0 . 2 2 8 . 3 9 . 6 1 . 2 1 0 . 7 5 0 . 0 0 0 . 1 6 3 8 . 9 4 4 0 . 1 0 . 1 1 0 . 0 0 1 0 . 1 3 0
m e a n 0 . 1 5 8 . 7 1 9 . 2 7 1 . 1 9 0 . 7 3 0 . 0 0 0 . 1 6 3 9 . 6 9 3 9 . 5 0 0 . 1 1 0 . 0 0 0 . 1 3
Previous analyses
B y C 1 0 . 0 0 1 . 7 2 1 . 7 7 2 . 8 1 0 . 0 6 0 . 0 0 0 . 0 5 0 . 1 9 9 1 . 4 9 1 . 8 5 - -
B y C 2 0 . 0 0 1 . 6 1 1 . 6 4 3 . 0 5 0 . 0 5 0 . 0 0 0 . 0 3 0 . 1 8 9 1 . 3 3 2 . 0 0 - -
B y C 3 0 . 0 5 2 . 1 3 1 . 6 4 3 . 0 5 0 . 2 3 0 . 1 0 0 . 0 9 0 . 1 7 9 0 . 7 0 1 . 6 7 - -
B y C 4 0 . 0 1 1 . 0 0 0 . 9 9 3 . 8 5 0 . 0 1 0 . 0 0 0 . 0 3 0 . 1 8 9 1 . 8 3 2 . 0 9 - -
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Clay and Technical Ceramic
The clay source for furnace construction and repair at Bryn y Castell is 
unknown, but probably obtainable from local boulder clays. (P)ED-XRF analyses o f  5 
clay/technical ceramic specimens reveal them to have relatively low variation, but this 
can be attributed to the fact that all were sampled from the same context (Table 8.2). 
Though some o f  the furnace remains suggested variation in the stone and grog content 
o f their clay superstructures (Crew 1986a, 96), there was no evidence in the sampled 
clays to indicate they had been specially prepared. A more extensive study o f  the Bryn 
y Castell clays and technical ceramics is clearly warranted to explore this aspect o f  
technological variation.
T able 8.2: Selected oxide concentrations for Bryn y Castell clay/technical ceramic specimens
determined by (P)ED-XRF. All values reported as wt%. SD— standard deviation; CV-—coefficient o f 
variation
S p e c i m e n M g O a i 2 o 3 S i 0 2 p 2 o 5 S 0 3 K 2 0 C a O T i 0 2 M n O F e O S r O B a O
B Y C - F 1 - 3 0 0 0 . 9 0 1 5 . 8 6 9 . 3 0 . 0 9 0 . 1 8 3 . 3 6 0 . 1 5 0 . 9 8 0 . 0 3 8 . 3 0 . 0 0 7 0 . 0 5 4
B Y C - F 1 - 3 0 1 0 . 7 7 1 5 . 0 6 7 . 1 0 . 0 9 0 . 2 0 3 . 1 5 0 . 1 5 0 . 9 9 0 . 0 7 1 1 . 3 0 . 0 0 6 0 . 0 5 0
B Y C - F 1 - 3 0 2 0 . 8 8 1 6 . 9 6 9 . 7 0 . 0 9 0 . 1 7 3 . 3 2 0 . 1 4 0 . 9 9 0 . 0 3 6 . 6 0 . 0 0 7 0 . 0 5 3
B Y C - F 1 - 3 0 3 1 . 5 6 1 9 . 4 6 4 . 9 0 . 0 8 0 . 0 8 3 . 4 2 0 . 2 5 1 . 1 4 0 . 1 6 8 . 0 0 . 0 0 6 0 . 0 7 2
B Y C - F 1 - 3 0 4 1 . 5 8 1 6 . 4 6 8 . 2 0 . 0 9 0 . 1 5 2 . 5 1 0 . 1 4 1 . 1 6 0 . 1 2 8 . 4 0 . 0 0 7 0 . 0 4 4
m e a n 1 . 1 4 1 6 . 7 6 7 . 8 0 . 0 9 0 . 1 6 3 . 1 5 0 . 1 7 1 . 0 5 0 . 0 8 8 . 5 0 . 0 0 6 0 . 0 5 5
S D 0 . 4 0 1 . 7 2 . 0 0 . 0 0 0 . 0 5 0 . 3 7 0 . 0 5 0 . 0 9 0 . 0 5 1 . 7 0 . 0 0 0 0 . 0 1 1
C V 3 4 . 8 0 1 0 . 1 2 . 9 4 . 8 3 2 8 . 6 3 1 1 . 8 5 2 9 . 1 4 8 . 3 7 6 5 . 7 7 2 0 . 2 5 . 0 3 3 1 9 . 4 3 6
Slag
The slag at Bryn y Castell was originally grouped into some thirty different 
types (Crew 1988a, 34); however, only three general categories were sampled for this 
study: 1) furnace or F slag; 2) PCBs; and 3) furnace bottoms (see Figure7.1).
Definitions are essentially the same as those used for Crawcwellt W est in the previous 
chapter. Bryn y Castell F-slags seem to have been less prone to flow, often giving them 
a clum py oatm eal-like appearance.
217
5  c m 5  c m
5 cm  5 cm
Figure 8.1: Morphological slag types from Bryn y Castell: a) PCB with double layers—BYC- 
208; b) F slag—BYC-S-234; c) Furnace Bottom from F20—BYC-278
Bulk chemistries were determined for 85 slag specimens following the protocol 
described in Appendix B. Specimen selection involved a stratified “grab” strategy, 
systematically biased by choosing material o f  suitable size for chemical and 
microscopic examination and preferential sampling o f  less corroded pieces. As with 
Crawcwellt West, preliminary analysis o f the slag chemistry revealed muddled patterns 
that could not be attributed to cultural processes. Microscopic examination o f a (~10 
%) sub-sample revealed that differential corrosion o f  the glass phase was the major 
cause o f  the observed chemical structure. The micrographs in Figures 8.2 and 8.3 show 
a series o f uncorroded and corroded slag specimens, respectively. A PCA o f slag
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Figure 8.2: Micrographs of uncorroded slag in the 10 % sub-sample: BYC-A2-275, BYC-R-249, 
BYC-S-234. Microstructures consist of blocky and chained fayalite, dendritic and globular wiistite, 
and glass.
chemistry reveals a blurred distinction between the two groups (Figure 8.4). Unlike 
Crawcwellt West, it was also apparent that the Bryn y Castell sample was composed o f 
high and low manganese variants. Iron and manganese oxides were summed and 
treated as a single variable in order to reduce analytical noise. The corroded slag was 
effectively enriched in MnO and FeO due to the depletion o f Si0 2  and other oxides in
2 1 9
Figure 8.3: Micrographs of corroded slag in the 10 % sub-sample: a) BYC-H-257; b) BYC-H-260; 
c) BYC-A2-272; c) BYC-R-228. Microstructures consist (or consisted of) blocky and chained 
fayalite, globular and dendritic wiistite, glass, and particles of iron.
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the glass. An extreme outlier (BYC-229) was also dropped from consideration because 
o f  its controlling influence over the loading pattern.
The division between groups was less clear than with Crawcwellt West. Aside 
from the problem o f  differential corrosion, the overlap is possibly due to the use o f 
extremely rich ores (i.e. less SiC>2 available for the slag). Another potential source o f 
error was caused by biased selection o f the central-m ost cut sections for XRF analysis, 
effectively increasing the chances o f seeing corrosion in the specim ens chosen for 
microscopy. Following the procedure established for Crawcwellt W est, all slag with 
PC01 scores greater than or equal to that o f the lowest value uncorroded specimen were 
also considered to be uncorroded. All others were removed from consideration.
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Figure 8.4: PCA for all slag analyzed from Bryn y Castell. Open triangles indicate 
relatively uncorroded specimens in microscopic section; boxes indicate corroded 
specimens in microscopic section. The left side of the graph is dominated by highly 
corroded slag with inflated FeO contents while the right side of the graph contains 
relatively uncorroded specimens.
The effective sample size is reduced to 44 specimens. A statistical summary for 
select oxides is provided in Table 8.3. Except for AI2O 3, SiC>2, and FeO, the variation in 
the Bryn y Castell slag chemistry is much greater that that o f  Crawcwellt West. This 
reflects both an increase in the num ber o f  smithing slags in the sample as well as greater
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diversity in smelting slag recipes. The small sample size and uncertainties relating to 
corrosion limit the strength and impact o f  the hypotheses drawn below. While 
engineering and constraint analyses should be reasonably secure, variation cannot be 
adequately explored. Despite these necessary caveats, there is sufficient material to 
begin piecing together the evolution o f bloomery sm elting at Bryn y Castell.
T able 8.3: Summary statistics for uncorroded Bryn y Castell slag. Mean values expressed as wt%.
SD— standard deviation; CV—coefficient of variation
Slag
Summary MgO a i 2 o 3 Si02 P z 0 5 S 0 3 K z O CaO T i O z MnO FeO SrO BaO
mean 0 . 3 9 4 . 4 1 5 . 8 0 . 9 5 0 . 3 9 0 . 3 4 0 . 3 9 0 . 2 3 2 . 0 9 7 4 . 6 0 . 0 0 1 0 . 0 0 9
SD 0 . 1 0 0 . 8 2 . 2 0 . 5 9 0 . 1 9 0 . 2 3 0 . 1 6 0 . 0 9 1 . 9 1 3 . 5 0 . 0 0 1 0 . 0 0 7
CV 2 5 . 9 0 1 7 . 9 1 3 . 9 6 1 . 8 6 4 9 . 5 7 6 6 . 3 0 4 1 . 0 4 3 9 . 7 9 9 1 . 4 0 4 . 7 2 3 8 . 6 3 6 7 4 . 5 8 3
Task-Delimited Constraints
The task constraint model was applied to the uncorroded slag derived from the 
hillfort and the three levels from the Site A dump. The hillfort sample included 17 
specimens, m ost o f  which were excavated from Structure 1. All specim ens in the 
sample were m acroscopically identified as F-slags, but the PCA revealed that seven 
were probable smithing slags (Figure 8.5). A centroid cluster analysis (Figure 8 .6 ) 
showed that the hypothesised smelting slags do tend to cluster together, although two 
hypothesised smithing slags (BYC-264 and BYC 275) are also included and cannot be 
extracted by £-means cluster analysis. These specim ens are most likely examples o f 
primary smithing slag, and as such have a very sim ilar chemistry to the smelting slag.
The sample from site A level S consists o f  11 specimens, two o f which (BYC- 
212 and BYC-213) were m acroscopically identified as PCBs. A PCA indicated that 
five o f  the specim ens were probably derived from smelting as indicated by high 
M nO+FeO values (Figure 8.7). However, one o f  these (BYC-233) was an outlier that
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had greater chemical affiliation with a PCB (BYC-281). BYC-233 was probably
derived from primary bloom smithing activities and was reassigned as such.
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Figure 8.5: PCA plot of Bryn y Castell hillfort slag chemistries.
Specimens grouped by the MnO+FeO and P20 5 loadings are 
hypothesised to be smelting slags.
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Figure 8.6: Dendrogram arising from a centroid cluster analysis o f Bryn y 
Castell hillfort slag cheniistry rendered as PC scores. Hypothesised smelting 
slags are highlighted in grey.
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Figure 8.7: PCA plot o f slag chemistry from level S of Bryn y Castell site A and the dendrogram 
arising from a centroid cluster analysis of PC scores. Triangles indicate PCBs. Hypothesised smelting 
slags are highlighted in grey.
The sample derived from site A level R consists o f  13 specimens, six o f  which 
were m acroscopically identified as PCBs. One o f  the PCBs (BYC-206) was an extreme 
outlier and rem oved from analysis. A group o f  four specim ens were distinguished by 
relatively high values o f P2O 5 and M nO+FeO values and initially hypothesised to be 
smelting slags (Figure 8 .8 ). A centroid cluster analysis revealed that one o f  these 
(BYC-245) showed greater affinity to a PCB (BYC-200). BYC-245 was most likely 
derived from primary smithing activities and was therefore reassigned.
Site A level Q was left with only 4 uncorroded specimens, an insufficient 
num ber to run the task constraint model. Instead, these specim ens were analysed with 
the level R slag, since it produced the highest volume o f  smithing slag. Two o f the level 
Q specim ens were macroscopically identified as PCBs (BYC-221 and BYC 222). Only 
one o f  the specimens could be identified as a smelting slag (BYC-240) following the 
PCA (Figure 8.9).
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Removal o f  the smithing slags left a total o f  18 smelting slags, the majority o f 
which were excavated from the hilifort (Table 8.4). The sample size and distribution is 
inadequate to offer any more than a cursory glimpse at the evolutionary patterns taking 
place at Bryn y Castell, though general characterisations and yield estim ates should be 
relatively unaffected.
Table 8.4: (P)ED-XRF results for selected oxide concentrations of Bryn y Castell smelting slag. All
values reported as wt%. HF=hillfort
S p e c i m e n C o n t e x t M g O a i 2 o 3 S i 0 2 P z O s S 0 3 K z O C a O T i O z M n O F e O B a O
B Y C - 2 9 2 H F 0 . 3 9 3 . 7 1 4 . 4 1 . 2 8 0 . 2 4 0 . 4 0 0 . 1 9 0 . 2 1 0 . 4 6 7 8 . 1 0 . 0 0 3
B Y C - 2 6 3 H F 0 . 4 8 4 . 2 1 1 . 9 0 . 4 9 0 . 7 0 0 . 2 0 0 . 3 8 0 . 1 9 6 . 1 0 7 4 . 8 0 . 0 0 9
B Y C - 2 6 5 H F 0 . 2 6 3 . 2 1 8 . 1 1 . 6 6 0 . 2 5 0 . 1 8 0 . 3 6 0 . 1 7 3 . 6 2 7 1 . 9 0 . 0 0 8
B Y C - 2 6 6 H F 0 . 2 6 3 . 7 1 6 . 0 2 . 4 5 0 . 2 1 0 . 1 3 0 . 3 8 0 . 1 9 1 . 8 0 7 4 . 5 0 . 0 1 3
B Y C - 2 6 7 H F 0 . 2 4 3 . 5 1 2 . 6 1 . 8 4 0 . 3 6 0 . 1 4 0 . 6 4 0 . 1 0 4 . 8 2 7 5 . 4 0 . 0 1 6
B Y C - 2 6 9 H F 0 . 2 8 3 . 3 1 3 . 9 1 . 0 2 0 . 3 2 0 . 1 6 0 . 4 3 0 . 1 0 3 . 6 6 7 6 . 5 0 . 0 1 2
B Y C - 2 7 2 H F 0 . 3 6 3 . 4 1 7 . 0 1 . 1 2 0 . 2 4 0 . 0 3 0 . 3 3 0 . 2 2 4 . 5 0 7 2 . 5 0.000
B Y C - 2 7 4 H F 0 . 3 9 3 . 6 1 8 . 2 0 . 9 5 0 . 3 0 0 . 1 3 0 . 3 2 0 . 2 3 3 . 5 7 7 2 . 0 0.000
B Y C - 2 5 6 H F 0 . 4 6 3 . 8 1 4 . 2 0 . 2 5 0 . 4 4 0 . 0 2 0 . 1 8 0 . 2 0 1 . 7 5 7 8 . 5 0.000
B Y C - 2 6 1 H F 0 . 4 1 4 . 5 1 6 . 3 1 . 7 0 0 . 2 0 0 . 0 9 0 . 2 6 0 . 2 5 0 . 5 4 7 5 . 3 0 . 0 0 1
B Y C - 2 3 2 S 0 . 3 5 4 . 6 1 3 . 4 0 . 6 0 0 . 5 4 0 . 2 4 0 . 5 3 0 . 1 8 2 . 0 3 7 7 . 2 0 . 0 0 2
B Y C - 2 3 4 S 0 . 3 3 3 . 9 1 3 . 4 0 . 7 6 0 . 2 9 0 . 1 4 0 . 2 2 0 . 2 1 0 . 3 9 8 0 . 0 0.000
B Y C - 2 8 0 s 0 . 3 5 4 . 6 1 3 . 0 0 . 6 1 0 . 4 0 0 . 2 5 0 . 2 9 0 . 1 6 2 . 4 0 7 7 . 6 0 . 0 0 1
B Y C - 2 8 2 s 0 . 3 2 4 . 0 1 1 . 8 1 . 0 1 0 . 4 5 0 . 1 6 0 . 3 5 0 . 1 6 0 . 4 8 8 0 . 9 0.000
B Y C - 2 2 6 R 0 . 4 0 4 . 0 1 4 . 9 1 . 5 1 0 . 1 8 0 . 1 4 0 , 2 0 0 . 2 4 0 . 4 7 7 7 . 7 0.000
B Y C - 2 4 3 R 0 . 2 8 3 . 7 1 4 . 1 2 . 1 3 0 . 2 5 0 . 1 2 0 . 3 7 0 . 2 1 0 . 5 8 7 7 . 8 0 . 0 0 3
B Y C - 2 5 0 R 0 . 3 6 4 . 8 1 3 . 5 0 . 4 7 0 . 4 5 0 . 1 2 0 . 1 7 0 . 2 4 1 . 5 7 7 8 . 1 0.000
B Y C - 2 4 0 Q 0 . 4 1 4 . 8 1 4 . 4 1 . 2 6 0 . 4 4 0 . 3 0 0 . 3 4 0 . 2 4 0 . 5 0 7 6 . 9 0 . 0 0 4
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Lineage Identification and Characterisation
L/neage Construction
A PCA was carried out on all Bryn y Castell sm elting slag as a first step in 
investigating diachronic patterns and technological transm ission (Figure 8.10). 
Specimen scores were classified and ordered according to the procedures outlined in 
chapter 5 (Figure 8.11). Because o f  sample size lim itations, the class distribution 
cannot be assumed to represent the true structure o f  chemical variation present at Bryn y 
Castell. Nonetheless, the patterns do indicate some interesting directions for future 
research.
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Figure 8.10: PCA plots for Bryn y Castell smelting slags
The chronological arrangem ent for Bryn y Castell is based on the knowledge 
that the earliest iron smelting activity occurred at the northern end o f  the hillfort on a 
small scale between the second and first centuries BC. An archaeomagnetic date form 
F20 suggested that it had last been fired circa 50 BC. Furnaces at the southern end o f  
the furnace were operated during the early to mid first century AD, contemporary with 
slag excavated from site A level S. The last two phases o f activity account for smelting 
activities that resumed following the withdrawal o f  Roman military forces from the 
m ountains ca. AD 140. Slag from site A level S is made distinct to emphasise its
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relationship to the hillfort slag, though the furnaces alm ost certainly operated 
sim ultaneously with those on the southern end o f the fort.
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Figure 8.11: Classified smelting slag scores shown in chronological order and planview. 
Both are shifted into quadrant 1. Classes are defined as the cells formed by the intersection 
of the regularly spaced gridlines.
Com pared to Crawcwellt West, the lineage hypothesised for Bryn y Castell
shows rem arkable stability. Variation in slag chemistry seems to increase for the site A
level Q sample, but this could easily be the result o f  sampling error. The only
significant pattern o f  variation is the presence o f a high-m anganese group o f  slags
derived from the hillfort. This is best observed in the plots o f  the first and third PC
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axes. A KDE for PC01 vs. PC03 (Figure 8.12) suggests that there are actually two 
groups o f  high manganese slag. The separation between the two groups is based on
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Figure 8.12: KDE contours for the Bryn y Castell smelting slag.
variant ratios o f  MgO to P2O 5 which is probably a reflection o f  small differences in 
fuel-ash influences coupled with poor sampling rather than indication o f more than one 
group. The high Mn group is associated with the earliest bloomery activities at the 
northern end o f  the hillfort and is not present at any later time or at site A. Two high 
Mn specim ens derived from site A level S are not included in the group because o f  high 
SO3 and low BaO contents.
Materials Balance and Yield Estimation
The small sample size and apparent lack o f  variation in slag from site A suggest 
that estim ating the m aterials balance and yield for each context would be inaccurate and 
not especially informative. A more useful strategy is to analyze the slag from each 
chemical group collectively. Uncertainties with regard to sample size and 
representation limit yield estimates to ordinal scale measures at best. The charcoal
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remains the least certain elem ent in the materials balances, but is not expected to 
significantly affect the results. Once again, practical considerations demanded that the 
best-fit m aterials balance be based on more than a simple visual assessment. In this 
case, a fit was considered “good” if  the difference set o f modelled elem ent 
concentrations for a slag (Si, Al, Ti, Ca, and Mn) were within 10 % relative o f  the 
measured concentrations. Relevant chemical data for all m aterials are provided in Table 
8.5. Sixteen elem ents are displayed in the materials balance graph for the high Mn 
group and fifteen are displayed for the low Mn group (Figures 8.13 and 8.14).
T able 8.5: Select elements and materials used in Bryn y Castell materials balances. Charcoal XRF 
analysis was conducted by Tim Young (unpublished data) and is an average o f charcoals made from oak 
collected in Gwent and Glamorgan. All values reported as wt %.__________________________________
S p e c i m e n M a t e r i a l S i T i A l Z r C a B a M n F e %  F e  Y i e l d
B Y C  o r e o r e  a v e r a g e 0 . 6 0 . 0 0 0 . 3 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 1 5 6 4 . 5
M n - r i c h  o r e o r e  a v e r a g e 4 . 3 0 . 1 0 4 . 6 0 . 0 1 0 . 0 0 0 . 1 1 3 3 0 . 7 4 2 7 . 6
B Y C  c l a y c l a y  a v e r a g e 3 1 . 7 0 . 6 3 8 . 8 0 . 0 3 0 . 1 2 0 . 0 4 9 0 . 0 6 6 . 6
T Y - o a k c h a r c o a l 2 . 6 0 . 0 3 0 . 7 0 . 0 0 4 6 . 8 0 0 . 0 0 0 1 . 9 4 1 . 0
h i g h  M n  s l a g a v e r a g e  s l a g 7 . 2 0 . 1 0 1 . 9 0 . 0 1 0 . 2 9 0 . 0 0 7 3 . 1 1 5 7 . 5 5 7 . 7
M o d e l l e d  s l a g 6 . 7 0 . 1 1 2 . 4 0 . 0 1 0 . 2 9 0 . 0 1 7 3 . 1 2 1 7 7 . 1
l o w  M n  s l a g a v e r a g e  s l a g 6 . 5 0 . 1 3 2 . 2 0 . 0 1 0 . 2 0 0 . 0 0 1 0 . 7 9 6 0 . 6 4 7 . 3
m o d e l l e d  s l a g 6 . 7 0 . 1 1 2 . 1 0 . 0 0 0 . 2 0 0 . 0 1 0 0 . 8 1 1 1 4 . 0
It was impossible to balance the m aterials used for the high Mn slag group,
AI2O 3 being more than 20 % relative too high. The reasons for this are not clear, but
probably have to do with inadequate clay and ore sampling. The estimated iron yield o f
57.7 % is quite high compared to the modelled range (30-50 %), but must be considered
ordinal scale without sufficient sampling. The low Mn slag group did produce a
reasonable balance, estimating a yield o f 47.3 %. Assum ing the charge consists o f 8.0
kg o f  ore (Fe-rich and M n-rich) then the recipe that produced the high Mn slag group
would also produce approximately 0.5 kg more metallic iron than the alternative low
Mn recipe. Thus, at least one reason for the use o f  M n-rich ore would have been to
substitute M nO for FeO as a flux for SiC>2 . It could also have been used to promote the
formation o f  steel if  reducing conditions were high enough in localised areas o f  the
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Figure 8.13: Best-fit materials balance solution for high Mn Bryn y Castell Slag. EF = 2.93; 
88.7 % ore + 4.0 %  Mn-rich ore + 7.0 % clay + 0.3 % fuel ash = 57.7 % iron yield
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Figure 8.14: Best-fit materials balance solution for low Mn Bryn y Castell Slag. EF = 1.94; 
89.9 % ore + 0.9 % Mn-rich ore + 9.0 % clay + 0.2 % fuel ash = 47.3 % iron yield
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furnace. The amount o f wustite observed in the m icrographs above suggests that this 
was an unlikely event, and the product would have been, at best, heterogeneous. The 
question that rem ains to be answered is why an efficient bloomery recipe was replaced 
with one o f  lesser technical merit.
Lineage Explanation 
Exchange and Production
Though technological stasis seems to be the rule at Bryn y Castell, the 
socioeconomy o f  which it was a part was extremely dynamic. The earliest smelting at 
both the hillfort and site A was undertaken in the century between Julius Caesar’s 
expedition into Britain and Julius A gricola’s conquest o f  northwest Wales in ca. AD 78. 
The socioeconom ic environm ent surrounding this period o f iron production was 
described in the previous chapter. The reasons for the cessation o f ironworking are 
unclear, though Crew (1995a, 225) argues that the Roman military might have actively 
prohibited its production.
W hatever the specific cause, iron production resum es at Bryn y Castell site A 
when the Roman army finally withdraws its forces from the m ountainous interior o f  the 
region about AD 140 (Crew 1986a, 99; Davies 1984, 112-119). However, the 
environm ent o f  exchange was irrevocably altered. The trade in currency bars was 
elim inated through force or competition as Roman bloomeries began producing iron on 
a m assive scale. The Roman ironworks at Laxton, for example, is estimated to have 
produced 10,000 tonnes o f slag over 50 years and as much as 30 tonnes o f bar iron per 
year (Crew 1998b, 51). In contrast, the Rom ano-British phase o f  activity at Bryn y 
Castell (Site A levels R and Q) produced less than 400 kg o f  slag over a period o f  100 
years.
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The only evidence for non-Roman iron trade comes in the form o f  three small 
(less than 2kg) partially-refined cuboid billets, putatively o f  a later Rom ano-British age 
(Crew 1991c, 156). One was found at Banc y Coed, close to Bryn y Castell with second 
century Rom an pottery, the other two probably also from a Rom ano-British site. The 
Banc y Coed specim en has a high P and As content (analysis by Chris Salter, not 
published) indicating they were made with ores sim ilar to those at Bryn y Castell 
Billets lack overt signals o f  quality and so would only be traded in centralised 
economies— where governing bodies offer both incentives to deal honestly and recourse 
for dishonesty (Farrell 1987, 117-119)— or in com m unities— where high entry and exit 
costs promote honest trading o f  goods, services and information between fam iliar 
individuals (Bowles and Gintis 1998). The billets could be viewed as payment for 
rental agreem ents or taxes, or simply as a medium o f cooperative exchange between 
local smelters and smiths.
W hether centralised or comm unal, the scale o f  production during the second 
phase o f  activity at Bryn y Castell implies that its furnaces served a local niche whose 
demand was probably not large. Such situations should favour slag chemistries that 
approach optim um  2 (low  energy per unit yield with low risk o f  failure). This is not 
what occurs, how ever (Figure 8.15). All slag (corrected by subtracting the estimated 
clay contributions) specim ens plot far below optim um  2 , and only the earliest specimens 
plot nearer. One reason for the general downward shift is the use o f  extremely rich ores. 
Once the Si0 2  from the ore is used up in Fayalite, much o f  the residual FeO in the slag 
is not given an opportunity to reduce before dripping to the bottom o f  the furnace. But 
this does not account for the reversal o f  expectations.
Assum ing that sampling issues have not biased the temporal distribution o f  high- 
Mn slags, three scenarios seem probable. First, the earliest ironmaster(s) at Bryn y 
Castell may have failed to transmit a secret recipe to apprentices. I f  variants are not
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Figure 8.15: Plot o f Bryn y Castell slag on the F e0 -S i02-Al20 3 ternary phase 
diagram. Specimens have been “corrected” by removing 7.0 % and 9.0 % of the 
average clay from high and low Mn slag groups, respectively.
transmitted there is no way for them  to re-enter a lineage (though the same solution may 
be approxim ated through a new history o f  innovation). Second, the high Mn recipe may 
have prom oted the production o f  steely blooms. Steel, while possessing superior 
strength and hardenability properties, is not easy to smith. If phosphoritic iron— also 
possessing superior strength and hardenability properties— could be produced (and 
certainly some o f  the Bryn y Castell ores are noticeably high in P2O 5), then perhaps this 
slightly less efficient recipe out competed the high Mn recipe. Yet a third issue 
concerns the high arsenic content o f the ores and its effects on the metal. Arsenic 
hardens iron, but makes it extremely brittle in high concentrations. However, arsenic 
also tends to concentrate on forging surfaces through a process o f  selective oxidation. 
As m entioned in Chapter 3, this can be advantageous for creating a clean welding
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surface and can create visible banded structures in finished artefacts. Further
experim ents with sim ilar bog ore varieties may help assess these possibilities.
Social Learning
There is no evidence to suggest that the primary mechanism  o f  technological 
transmission was any different for the local producers at Bryn y Castell during the 
second and third centuries AD than it was during prehistory. Apprenticeship or vertical 
transmission pathw ays within kin groups are likely to be the dom inant mode o f learning 
how to smelt iron.
The model for detecting transmission biases in archaeological assem blages 
cannot be properly applied to Bryn y Castell slag chemistry because o f  the small sample 
size. However, its application can still be used to indicate the general strength o f  bias 
located in different tasks o f  the ironmaking recipe. Both ore handling and furnace 
operation are investigated below. Index error ranges have been derived theoretically 
using the same strategy introduced in Chapter 6 . Crew (1995a, 222) estimates 245 iron 
production cycles were com pleted at Bryn y Castell with at least 6  furnaces— 3 within 
the hillfort, and 3 in site A (Crew 1986a). This results in about 41 cycles per furnace. It 
is also reasonable to assum e that the high Mn slags were produced by only 1 furnace.
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Figure 8.16: Graph o f mean F-values for successively dated contexts at 
Bryn y Castell. All values refined by subtracting 7.0 % and 9.0% of the 
average clay. Error bars: High Mn group (box) = ± 6.0 %; Low Mn 
group = ± 8.8 %; S = ± 6.0 %; R = ± 6.0 %, Q = ± 6.0 %.
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A plot o f  “refined’" F-values for each ironworking context is provided in Figure 
8.16. The F-values for each context are significantly different from their predecessors. 
This could be a reflection o f  the small sample sizes used for both groups. W hile the 
values fluctuate dram atically, there is no evidence o f a trend. If the sample were taken 
as representative, then such a pattern could indicate considerable experim entation with 
ore selection and preparation. It could also indicate random ore selection from 
extremely heterogeneous sources.
G and S-values for Bryn y Castell smelting slag are graphed in Figures 8.17 and 
8.18, respectively. Error ranges are increased to account for uncertainties regarding ore 
variability. Ignoring values for site A level Q which contains only one specimen, the 
mean G-values are rem arkably stable. The mean G-value for the high Mn slag is alm ost 
identical to that for the low M n hillfort group. If the values are representative, then their 
distribution suggests that fuel to ore ratios changed very little. S-values are a little more 
volatile, but not so m uch that they would suggest a pattern other than stasis. Viewed 
collectively, it is interesting to note that the mean G-value for the high-M n slag group is 
virtually identical to those o f  the low-M n group. The mean S-value, however, is much 
higher. This difference can be attributed to the fact that AI2O 3 varies less appreciably 
than SiC>2 betw een the two groups. This emphasises the need to have some awareness
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Figure 8.17: Graph o f mean G-values for successively dated contexts at 
Bryn y Castell. All values refined by subtracting 7.0 % and 9.0 % o f the 
average clay. Error bars: High Mn group (box) = ± 32.5 %; Low Mn 
group = ± 45.1 %; S = ± 32.5 %; R = ± 32.5 %, Q = ± 32.5 %.
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o f  the variation within and between ore sources before drawing too many conclusions 
about furnace efficiency.
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Figure 8.18: Graph of mean S-values for successively dated contexts at 
Bryn y Castell. All values refined by subtracting 7.0 % and 9.0 % of the 
average clay. Error bars: High Mn group (box) = ± 32.5 %; Low Mn 
group = ± 45.1 %; S = ± 32.5 %; R = ± 32.5 %, Q = ± 32.5 %.
Summary
Problem s with glass corrosion significantly reduced the effective sample size o f 
Bryn y Castell slag. Nonetheless a few notable conclusions can be drawn. A single 
technological lineage can be hypothesised for the iron production activities. Further, at 
least two distinct recipes were in use during the earliest phases o f  operation. One o f 
these, producing high-M n slags, failed to be transm itted or copied by later generations 
despite the fact that it was more efficient. Perhaps the knowledge was never transmitted 
or lost during the cessation o f  ironworking while the Roman military patrolled the 
region. Perhaps the product was not as exchangeable as that made by the alternative 
recipe. Or, perhaps, sampling issues are at play.
It is also interesting to note that the smelting recipe seems to have changed very 
little despite a hiatus that lasted at least ha lf a century. W hile there are hints that 
variation was higher during the earliest return to ironworking, the limited sample size 
makes it impossible to assess. Stasis is not surprising given the nature o f  the
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socioeconom ic environm ent. The conservative nature o f training an apprentice 
com bined with what seems to have been a com m unity-based exchange system implies 
that there would be few opportunities or m otivations to purposely innovate. It is also 
possible that the slag chemistry represents an optimal recipe involving trade-offs 
between extracting enough iron to make the venture worth doing and producing an 
adequate am ount o f  sufficiently fluid slag.
The low sam ple size made it impossible to properly assess the affects o f  
transm ission bias. M uch o f  the variation observed in F-values can probably be 
attributed to sam pling error. The possibility o f  ore experimentation or variability 
deserves further investigation, especially given the high arsenic and phosphorus 
contents o f  the ore and their effects on the final product. A successful strategy should 
probably em phasise new sm elting experim ents with a sim ilar variety o f  ore.
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Chapter 9: 
Analysis of Iron Production a t Llwyn Du
Iron production at Llwyn Du was o f an entirely different character to that o f  the 
prehistoric sites. Some 250 tonnes o f  slag were produced at Llwyn Du over ha lf a 
century, am ounting to more than thirty times that produced by Crawcwellt W est and 
Bryn y Castell over a period o f  300-500 years. W hile the furnace technology was 
certainly more sophisticated, incorporating thicker walls and a slag-tapping 
configuration, it was the socioeconom ic environm ent that differed most— encouraging a 
more dynam ic and com petitive m arket (see argum ents in Chapter 7). The ironmasters at 
Llwyn Du seem  to have fully exploited this environm ent, exhibiting a capacity to 
innovate and explore the bounds o f  metallurgical possibility. This shows up very 
clearly in both slag chem istry and m icrostructure. (P)ED-XRF data for all specimens 
discussed in this chapter are listed in A ppendix E.
A full range o f  bloom ery residues have been unearthed from Llwyn Du and 
made available for analysis. Small samples o f  ore and clay/technical ceramics have 
been characterised for the purpose o f  explaining slag chemistry but have not been 
subjected to a thorough study o f their variation. Sm ithing slag has not been 
incorporated into the sample, both because o f  their rarity on site and the relative ease o f 
m orphologically distinguishing them from tap slag. M ost m aterials showed remarkable 
preservation, with few o f  the corrosion problems experienced with the Crawcwellt West 
and Bryn y Castell slags. Sample size is small in comparison to the num ber o f phases 
and to the abundance o f  slag on site. However, it exposes several technologically and 
evolutionarily significant patterns.
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Ore
The ironworkers at Llwyn Du exploited locally available bog ores, probably 
from C raw cw ellt m oor given their generally high m anganese content and proximity to 
the H arlech Dom e m anganese deposits. Ores o f  diverse colour were present on site, 
mostly as random  pieces within the slag dumps. Some were quite large up to 0.5 kg in 
size, including orange, red, yellow and black M n-rich varieties. It is not known whether 
the sources were random ly encountered across the landscape or exploited from well 
known sources. A total o f  16 bog ores were chemically analysed following the protocol 
established in A ppendix A. These included 7 Fe-rich and 6  M n-rich specimens, though 
it is obvious from the analysis that both chemical varieties grade into
Table 9.1: Oxide concentrations for Llwyn Du ores determined by (P)ED-XRF. All ores roasted for a 
minimum o f one hour at 950 °C. All values in wt%. SD— standard deviation; CV—coefficient of 
variation.
Fe-Rich Specimens M g O a i 2 o 3 S i 0 2 P2O5 S 0 3 K 2 0 C a O T i 0 2 M n O F e 2 0 3 S r O B a O
1 5 N - R 0 . 0 0 2 . 6 5 . 6 0 . 0 9 0 . 2 8 0 . 2 5 0 . 0 2 0 . 0 9 0 . 4 7 9 0 . 2 0 . 0 0 0 0 . 0 0 0
1 7 - R 0 . 0 0 0 . 3 4 . 7 0 . 0 4 0 . 1 9 0 . 1 2 0 . 4 7 0 . 2 1 8 . 6 1 8 4 . 3 0 . 0 1 0 0 . 6 3 2
1 8 - Y O 0 . 0 2 2 . 4 5 . 2 0 . 2 3 0 . 1 9 0 . 1 6 0 . 3 3 0 . 0 7 1 . 2 5 8 9 . 8 0 . 0 0 0 0 . 0 2 0
3 9 - B R 0 . 0 3 7 . 3 9 . 4 0 . 1 4 0 . 2 3 0 . 4 6 0 . 3 2 0 . 2 3 7 . 1 9 7 4 . 3 0 . 0 0 1 0 . 0 7 8
F 7 7 - R S 0 . 0 4 4 . 2 1 4 . 0 0 . 0 5 0 . 0 4 0 . 6 1 0 . 0 3 0 . 2 0 0 . 8 3 7 9 . 6 0 . 0 0 0 0 . 0 1 1
F 9 3 - R 0 . 1 1 5 . 5 1 4 . 6 0 . 0 5 0 . 2 3 0 . 6 5 0 . 0 7 0 . 2 8 0 . 5 3 7 7 . 3 0 . 0 0 0 0 . 0 1 2
L D G C - R 0 . 0 5 3 . 8 5 . 8 0 . 1 5 0 . 2 9 0 . 3 0 0 . 0 5 0 . 1 4 2 . 2 9 8 6 . 7 0 . 0 0 0 0 . 0 4 0
m e a n 0 . 0 4 3 . 7 8 . 5 0 . 1 1 0 . 2 1 0 . 3 6 0 . 1 8 0 . 1 7 3 . 0 2 8 3 . 2 0 . 0 0 2 0 . 1 1 3
S D 0 . 0 4 2 . 3 4 . 3 0 . 0 7 0 . 0 8 0 . 2 1 0 . 1 8 0 . 0 8 3 . 4 1 6 . 2 0 . 0 0 4 0 . 2 3 0
C V 1 1 1 . 0 6 0 . 6 5 0 . 4 6 6 . 1 4 0 . 5 5 8 . 0 9 9 . 4 4 4 . 3 1 1 2 . 8 7 . 5 2 2 9 . 8 2 0 3 . 1
Mn-rich specimens
7 7 - M n B 0 . 0 0 3 . 3 4 . 2 0 . 3 5 0 . 3 2 0 . 4 8 0 . 2 3 0 . 5 6 6 3 . 6 6 2 5 . 7 0 . 0 0 9 0 . 6 7 4
7 7 - R 0 . 0 0 2 . 1 3 . 2 0 . 0 8 0 . 1 9 0 . 6 8 0 . 1 9 0 . 4 9 7 9 . 1 9 1 2 . 7 0 . 0 3 6 0 . 5 3 9
9 3 - M n B 0 . 0 0 3 . 9 1 1 . 0 0 . 1 5 0 . 2 1 1 . 0 3 0 . 2 0 0 . 4 6 5 3 . 9 7 2 8 . 3 0 . 0 2 2 0 . 2 5 3
F 7 7 - B B 0 . 0 5 6 . 0 1 4 . 7 0 . 1 8 0 . 3 1 1 . 0 9 0 . 1 4 0 . 5 3 3 8 . 5 5 3 7 . 6 0 . 0 1 5 0 . 3 0 5
F 9 3 - M n B S 0 . 0 4 5 . 1 1 6 . 8 0 . 1 6 0 . 0 4 1 . 2 8 0 . 2 7 0 . 5 6 5 2 . 9 0 2 1 . 9 0 . 0 2 5 0 . 2 1 7
L D G C - B 0 . 1 5 5 . 5 1 3 . 0 0 . 3 1 0 . 2 8 0 . 9 8 0 . 3 7 0 . 5 9 3 3 . 8 5 4 3 . 8 0 . 0 1 9 0 . 5 0 3
m e a n 0 . 0 4 4 . 3 1 0 . 5 0 . 2 0 0 . 2 3 0 . 9 2 0 . 2 3 0 . 5 3 5 3 . 6 9 2 8 . 3 0 . 0 2 1 0 . 4 1 5
S D 0 . 0 6 1 . 5 5 . 6 0 . 1 0 0 . 1 0 0 . 2 9 0 . 0 8 0 . 0 5 1 6 . 5 7 1 1 . 1 0 . 0 0 9 0 . 1 8 3
C V 1 4 9 . 9 3 4 . 3 5 3 . 6 5 0 . 7 4 6 . 3 3 1 . 7 3 4 . 9 8 . 8 3 0 . 9 3 9 . 1 4 3 . 7 4 4 . 1
Other
F - 8 8 0 . 0 8 0 . 5 2 . 7 0 . 2 2 0 . 4 0 0 . 0 8 1 . 1 7 0 . 0 3 0 . 4 8 9 4 . 1 0 . 0 0 5 0 . 0 1 6
F 8 8 - R B 0 . 4 2 1 . 5 4 . 1 0 . 2 4 0 . 5 1 0 . 1 9 3 . 4 2 0 . 1 1 0 . 8 3 8 8 . 3 0 . 0 3 1 0 . 0 7 6
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one another (Table 9.1). Two additional samples o f  fine red ores discarded within the 
F- 8 8  charcoal deposit were analysed but have clearly been influenced by their 
surrounding m atrix (note the significantly higher CaO levels).
The ores tend to be quite variable across all elements, but are generally low in 
phosphorus. Richness varies from 60-90 wt%  M nO+Fe2 0 3 . It is unclear whether these 
represent usable or rejected ore specimens. At first glance their SiC>2 to AI2O 3 ratios (F- 
values) are m uch m ore variable than the slag (see below). However, the mean ore F- 
values tend to be rather close to those calculated for the slag. This suggests that they 
were typical o f  that actually used.
Clay and Technical Ceramic
Sam ples o f  technical clay/ceram ics were collected from several features, 
including eight from  Furnace 69 and five from other contexts. Clay/technical ceramic 
chemistry was m easured following the protocol established in Appendix A. Variability 
is very low suggesting that m ost derive from very sim ilar sources or have been similarly 
prepared (Table 9.2). The 69/5 group contained variable stone content, while those 
from the features contained very little. Abundant clays o f  suitable quality were 
available within a short distance. Samples o f  clay were taken from a small trench less 
than fifty m eters from  the main slag dump and com pared with the technical ceramics. 
Those derived from a well developed B horizon 20-40 cm below the surface (94-2 and 
94-3) have chem istries and stone contents that correspond reasonably well to the 
technical ceramics.
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T ab le  9.2: Selected oxide concentrations for Llwyn Du clay/technical ceramic specimens determined by 
(P)ED-XRF. All values reported as wt%. SD— standard deviation; CV— coefficient o f variation________
S p e c i m e n M g O A l 2 0 3 S i 0 2 S O 3 K z O C a O T 1O 2 M n O F e O S r O Z r O z B a O
6 9 / 5 - A 1 . 4 8 2 0 . 9 6 1 . 9 0 . 0 5 4 . 1 0 0 . 0 3 1 . 0 1 0 . 2 3 9 . 3 0 . 0 1 5 0 . 0 2 8 0 . 1 2 8
6 9 / 5 - B 1 . 6 0 2 1 . 6 6 1 . 6 0 . 0 7 4 . 2 4 0 . 0 6 1 . 0 2 0 . 2 1 8 . 6 0 . 0 1 7 0 . 0 2 9 0 . 1 2 0
6 9 / 5 - C 1 . 6 0 2 1 . 8 6 0 . 5 0 . 0 1 4 . 2 2 0 . 0 3 1 . 0 4 0 . 2 6 9 . 5 0 . 0 1 8 0 . 0 2 9 0 . 1 0 9
6 9 / 5 - D 1 . 7 1 2 2 . 5 5 9 . 8 0 . 0 4 4 . 5 0 0 . 0 0 1 . 0 6 0 . 1 3 9 . 2 0 . 0 1 8 0 . 0 2 9 0 . 1 1 4
6 9 / 5 - E 1 . 5 5 2 1 . 8 5 9 . 7 0 . 0 2 4 . 3 0 0 . 0 0 1 . 0 6 0 . 2 9 1 0 . 4 0 . 0 1 6 0 . 0 3 0 0 . 1 0 9
6 9 / 5 - F 1 . 5 9 2 1 . 2 5 9 . 4 0 . 0 0 4 . 2 7 0 . 0 8 1 . 0 3 0 . 5 0 1 1 . 0 0 . 0 1 6 0 . 0 2 8 0 . 1 0 1
6 9 / 5 - G 1 . 7 4 2 2 . 6 5 9 . 6 0 . 0 3 4 . 5 7 0 . 0 0 1 . 0 8 0 . 2 0 9 . 1 0 . 0 1 8 0 . 0 2 9 0 . 1 0 9
6 9 / 5 - H 1 . 6 0 2 1 . 6 5 9 . 6 0 . 0 0 4 . 2 1 0 . 0 0 1 . 0 8 0 . 3 3 1 0 . 5 0 . 0 1 7 0 . 0 3 0 0 . 1 0 7
F - 0 9 1 . 6 4 2 2 . 0 5 9 . 5 0 . 0 3 4 . 0 0 0 . 2 0 0 . 9 8 0 . 2 1 1 0 . 4 0 . 0 1 9 0 . 0 2 4 0 . 0 8 6
F 1 9 - F 0 3 1 . 8 5 2 6 . 6 5 7 . 3 0 . 1 7 3 . 8 5 0 . 1 5 1 . 2 0 0 . 2 3 7 . 9 0 . 0 1 6 0 . 0 2 9 0 . 1 0 9
F - 3 1 - A 1 . 4 6 1 9 . 8 6 4 . 2 0 . 0 6 3 . 8 5 0 . 1 6 1 . 0 8 0 . 1 2 8 . 2 0 . 0 1 1 0 . 0 3 8 0 . 0 8 0
F - 3 1 - B 1 . 6 5 2 1 . 2 6 1 . 5 0 . 0 1 4 . 4 0 0 . 0 0 1 . 0 7 0 . 3 9 8 . 9 0 . 0 1 3 0 . 0 3 5 0 . 0 9 5
F - 7 7 1 . 5 2 2 8 . 4 5 3 . 1 0 . 1 5 7 . 1 3 0 . 1 6 1 . 2 3 0 . 1 9 7 . 2 0 . 0 2 0 0 . 0 2 9 0 . 1 4 0
m e a n 1 . 6 1 2 2 . 5 5 9 . 8 0 . 0 5 4 . 4 3 0 . 0 7 1 . 0 7 0 . 2 5 9 . 2 0 . 0 1 6 0 . 0 3 0 0 . 1 0 8
S D 0 . 1 1 2 . 4 2 . 6 0 . 0 5 0 . 8 4 0 . 0 8 0 . 0 7 0 . 1 0 1 . 1 0 . 0 0 2 0 . 0 0 3 0 . 0 1 6
C V 6 . 6 9 1 0 . 6 4 . 4 1 0 8 . 7 2 1 8 . 9 3 1 1 3 . 4 6 6 . 5 7 4 0 . 6 9 1 2 . 2 1 4 . 7 2 9 1 1 . 6 3 8 1 4 . 7 0 6
local clay
9 4 - 1 0 . 3 2 1 8 . 5 7 3 . 4 0 . 3 0 4 . 0 2 0 . 0 6 1 . 1 5 0 . 3 2 1 . 5 0 . 0 1 0 0 . 0 3 5 0 . 0 5 7
9 4 - 2 1 . 6 1 2 0 . 5 6 4 . 4 0 . 0 2 4 . 0 0 0 . 0 6 1 . 0 1 0 . 3 7 7 . 4 0 . 0 1 2 0 . 0 3 1 0 . 0 8 1
9 4 - 3 1 . 5 6 1 9 . 8 6 5 . 2 0 . 1 2 3 . 7 8 0 . 0 6 1 . 0 0 0 . 3 9 7 . 4 0 . 0 1 1 0 . 0 3 1 0 . 0 7 1
9 4 - G E N 0 . 6 9 1 8 . 6 7 2 . 2 0 . 2 2 4 . 0 1 0 . 1 0 1 . 1 1 0 . 5 5 2 . 1 0 . 0 0 9 0 . 0 3 5 0 . 0 5 8
Slag
The Llwyn Du slag sample consists entirely o f  tap slag, from which six 
morphological types have been defined: Type A— thick low-viscosity flows; Type B—  
medium sized m edium -low  viscosity flows, Type C— thin small flows comprised o f 
num erous individual ropy runs; Type D— individual ropy runs; Type E— frothy glassy 
ropy runs with variable thickness (so-called “coprolites”); and Type F— general frothy 
glassy slag (Figure 9.1). The sample is heavily biased towards types A-B, comprising 
38 o f  51 specim ens analysed. This makes it difficult to judge whether different slag 
types represent different furnace operation strategies. W hile types A-D tend to be 
variants on the same theme (regularly grading into one another) and present during all 
phases, type E slags formed in the tapping hole, representing the last portion o f  a smelt 
to cool, so they become much more chemically variable. The glassiness o f  type F slags
indicates they were produced as an artefact o f  stronger reducing conditions.
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5 cm 5 cm
5 cm5 cm
5 cm 5 cm
Figure 9.1: Morphological slag types at Llwyn Du: Type A) MFC-LD-001; Type B) MFC-LD-016;
Type C) MFC-LD-020; Type D) MFC-LD-036; Type E) MFC-LD-007; Type F) MFC-LD-017
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The chemistry o f  all specim ens was measured following procedures detailed in 
A ppendix A. Specim en selection was handled by Peter Crew, who attempted to provide 
a representative sample for each phase (see Chapter 6 , 178-183) and all slag types. 
Sum m ary statistics are provided in Table 9.3 with the full data set provided in Appendix 
E. The slag is quite variable and reflects the presence o f  at least two major chemical 
groups in the later phases. These can be observed in plots o f  the first three PC axes as 
projections from  the m ain body o f  slag scores in the central portion o f  Figure 9.2, but 
are best represented in Figures9.6 and 9.7, below. Clustering occurs in two areas, each 
portrayed differently in the two graphs (Figures 9.2a and 9.2b). PC01 represents the 
ratio o f  FeO to fuel ash related oxides while PC02 can be interpreted as a ratio o f ore 
related oxides to clay related oxides (Appendix E, Table E.2). PC03 is a ratio o f  MnO + 
T i0 2  vs M gO + CaO, effectively serving as an index for the influence o f  M n-rich ore 
on the slag scores. A com bined view suggests that there are two major chemical groups 
within the slag, one more reduced as evidenced by higher concentrations o f nearly all 
other oxides (G roup 1), the other relatively high in FeO (Group 2). There is some 
variation in concentrations o f  MnO and a few outliers with much higher quantities o f 
clay and fuel ash related oxides.
Table 9.3: Summary statistics for uncorroded Llwyn Du slag. Mean values expressed as wt%. SD—
standard deviation; CV— coefficient o f variation
S l a g  s u m m a r y M g O AI2O3 S i 0 2 P 2 0 5 S 0 3 K 2 0 C a O T i 0 2 M n O F e O S r O B a O
m e a n 0 . 4 4 9 . 7 2 5 . 9 0 . 2 0 0 . 3 0 1 . 4 0 1 . 3 7 0 . 5 1 9 . 7 1 4 9 . 4 0 . 0 1 2 0 . 1 7 0
S D 0 . 1 6 2 . 3 3 . 8 0 . 1 5 0 . 1 0 0 . 3 4 0 . 8 2 0 . 0 9 4 . 4 3 6 . 2 0 . 0 0 5 0 . 1 1 0
C V 3 5 . 4 6 2 3 . 9 1 4 . 8 7 4 . 8 1 3 4 . 5 1 2 3 . 9 3 5 9 . 6 1 1 7 . 5 6 4 5 . 6 8 1 2 . 5 4 5 . 1 4 8 6 4 . 6 3 1
W hile the sample o f  slag types cannot be assum ed to be proportionally 
representative, it is interesting to note that Types C, D, E, and F are found only within 
group 1 (; Figure 9.3). This is what would be expected given that AI2O 3 and Si0 2  will 
tend to increase the viscosity o f  slag. It also implies that m apping the relative frequency 
o f  slag types across multiple phases o f  a site (or region if  ore chemistry can be
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controlled) is a low cost means o f  m onitoring variation and change in furnace efficiency 
at iron production sites.
M icroscopic examination o f 12 specim ens revealed considerable variation in
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Figure 9.2: PCA plots o f Llwyn Du slag chemistry.
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Figure 9.3: PCA plot of Llwyn Du slag types.
micro structure, m uch o f  which was identifiable to a particular chemical group. 
Specim ens were random ly selected from the two slag groups, though only types A,B,
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MFC-LD-002
Phase A 
Type C 
F = 3.0 
G =  19.3 
S =  1.0
Microstructure: Densely packed blocky and 
chained fayalite and glass;
Not-pictured: 2nd generation wiistite,
hercynite, iron alloy spheres
' <£ ' - '-u \ 4 \ ' <v!
■MB BBHHHBBH
MFC-LD-010
Phase B1-B2 
Type A 
F = 3.0 
G = 23.9 
S =  1.2
Microstructure: Chained lathes and blocky 
fayalite, glass, 2nd generation wiistite, 
hercynite,
Not-pictured: iron particles
MFC-LD-009
Phase B1-B2 
Type B 
F = 2.3 
G = 26.3 
S =  1.1
Microstructure: densely packed feathery
fayalite, glass, hercynite,
Not-pictured: magnetite on oxidation skins 
and flow interfaces; iron alloy spheres
MFC-LD-005
Phase B3 
Type A 
F = 2.6 
G = 25.3 
S = 1.2
Microstructure: skeletal and blocky fayalite, 
glass, hercynite
Not-pictured: iron alloy spheres
Figure 9.4: Micrographs for Llwyn Du slag with comments
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MFC-LD-034
Phase C 1 
Type B 
F = 2.6 
G = 14.5 
S = 0.7
Microstructure: blocky fayalite, 1st
generation wiistite, glass, iron particles 
Not-pictured: hercynite, magnetite on
oxidation skins
MFC-LD-037
Phase C 1 
Type B 
F = 3.4 
G = 22.3 
S =  1.4
Microstructure: long chained fayalite, glass, 
iron particles
Not-pictured: iron alloy spheres
' '  N
MFC-LD-047
Phase C 1 
Type A 
F = 3.2 
G = 22.9 
S =  1.3
Microstructure: chained fayalite, glass,
spinel
m  t  «
X *
MFC-LD-031
Phase C2 
Type B 
F = 2.7 
G = 15.1 
S = 0.9
Microstructure: blocky fayalite, glass,
wiistite— varies from none to abundant 
between flows
Not-pictured: hercynite, iron alloy spheres
and particles, magnetite at flow interfaces
Figure 9.4: Micrographs for Llwyn Du slag with comments (continued)
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MFC-LD-033
Phase C2 
Type B 
F = 3.0 
G = 18.2 
S = 0.9
Microstructure: blocky and chained fayalite, 
wiistite, iron particles 
Not-pictured: iron alloy spheres
MFC-LD-032
Phase C2 
Type B 
F = 2.1 
G = 33.1
S =  1.3
Microstructure: long chained fayalite, glass, 
spinel
Not-pictured: iron alloy spheres and particles
MFC-LD-038
Phase C2 
Type B 
F = 3.2 
G = 24.0 
S =  1.4
Microstructure: blocky and chained fayalite, 
glass, spinel
IMFC-LD-042
Phase C2 
Type B 
F = 2.5 
G = 16.4 
S = 0.8
Microstructure: blocky fayalite, wiistite,
glass
Not pictured: hercynite, iron particles
Figure 9.4: Micrographs for Llwyn Du slag with comments (continued)
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and C are represented. Representative m icrographs for each specimen are provided in 
Figure 9.4. Phases A, B1-B2, and B3 are characterised by dense fayalite, glass, and 
m odest levels o f  hercynite. Phases C l and C2 diverge from this pattern along two 
distinct pathw ays. One set is characterised by long narrow chains o f  fayalite and high 
glass contents, the other by blocky fayalite and high levels o f  wiistite. Both groups 
contain specim ens that seem  to grade into the more generalised m icrostructure o f  the 
earliest slags but neither group grades into the other. This indicates that slags derived 
from separate recipes— one em phasising very high reducing conditions, higher yields, 
and probably a steel bloom; the other emphasising lower reducing conditions, lower 
yields, and probably a relatively pure bloomery iron (or at least a less steely product). 
The evolutionary analysis below shows how this change came about.
Lineage Identification and Characterisation 
Lineage Construction
A second PCA w as carried out on Llwyn Du slag chemistry; this time with the 
extreme outlier (M FC -LD -003) rem oved (Figure 9.5). This allowed the structure o f 
variation w ithin the m ain body o f  slag to be exam ined more meaningfully. Specimens 
were shifted into quadrant I, and classified according to the m ethods outlined in Chapter
2
1
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Figure 9.5: PCA plot o f Llwyn Du slag with outlier removed
2 4 9
5. The result is displayed graphically in Figure 9.6. The pattern o f  overlapping class 
distributions indicates that all slag derives from a single continuous lineage o f iron 
production technology, albeit one that evolved into two distinct recipes.
The Llwyn Du lineage displays three noteworthy trends. The first two are linked 
to the branching evolution that seems to begin in Phase B3. Both recipes appear to be 
divergent specialisations that have evolved from a more generic ancestor. The slags 
associated w ith the right-hand branch exhibit chemistries that are more depleted o f  FeO
C2
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Figure 9.6: Classified smelting slag scores shown in chronological order and planview. Both are 
shifted into quadrant 1. Classes are defined as the cells formed by the intersection of the regularly 
spaced gridlines.
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Figure 9.7: KDE of Llwyn Du slag scores projected onto the first two PC axes.
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than their predecessors. This pattern becomes especially clear when rendered as a two 
dim ensional KDE o f  PC01 vs. PC02 (Figure 9.7). Slags associated with the left hand 
branch have chem istries with higher concentrations o f FeO. This pattern o f  changes 
was already noted in the examination o f slag m icrostructure and implies the production 
o f  two varieties o f  iron, probably steel and a relatively pure bloomery iron.
The third trend, observed on PC03, is the gradual m ovem ent o f  both recipe- 
branches tow ard chem istries with reduced concentrations o f  fuel-ash related oxides 
relative to both clay oxides and M n-rich ore. There are several potential explanations 
for this pattern. One is that smelters were gradually relying on less fuel to make 
suitably reducing conditions; another is that the wood varieties for charcoal were slowly 
being replaced by one that produced higher am ounts o f  CO 2 relative to ash. Recent 
exam ination o f  the palaeobotanical record provides evidence o f  woodland m anagement 
for the tim e period in question (Tim M ighall 2005, personal comm unication). While 
pollarding m ay have taken place, there are also changes in the ratio o f Oak and Birch 
species w ithin the nearby forests. Similarly, changes are expected to have occurred in 
age o f  wood being used, initially using old growth branches would be exploited with a 
shift to relatively new  grow th branches in later periods. Testing this will require a 
detailed research program m e. A nother possibility is that oak bark was removed by 
colliers in later phases for use in tanning or other industries.
Materials Balance and Yield Estimation
M aterials balances and iron yields were calculated for slag from all phases and 
groups represented in the Llwyn Du sample. W hile sample size is small, their 
consistency and general lack o f  confounding effects by corrosion indicate that balance 
and yield estim ations are more accurate than those for the prehistoric sites. Outliers 
identified in the KDE above were left out o f  the yield estimations. Uncertainties
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rem ain, however, and the estimates obtained must be used cautiously. Charcoal remains 
the least certain elem ent in the materials balances, but is not expected to significantly 
affect the results. A fit was considered “good” if  the differences between a set o f  
m odelled elem ent concentrations (Si, Al, Ti, Ca, and Mn) were within 10 %  relative o f  
the m easured concentrations. Modelled concentrations were normally within 5 % 
relative. R elevant chem ical data for all materials are provided in Table 9.4. M aterials 
balance graphs are shown in Figures 9.8-9.14.
Slag from  all groups and phases balanced rem arkably well in com parison to the 
prehistoric sites. This is alm ost certainly due to increased sample sizes and significantly 
lower corrosion levels. The balance and yield estim ation for Phase B1-B2 seems to be 
the least reliable and probably reflects the inclusion o f  two specimens that were 
classified as outliers.
T able 9.4: Select elements and materials used in Llwyn Du materials balances. Charcoal XRF analysis 
was conducted by Tim Young (unpublished data) and is an average of charcoals made from oak collected 
in Gwent and Glamorgan. All values reported as wt %.___________________________________________
S p e c i m e n m a t e r i a l S i T i A l Z r C a B a M n F e %  F e  Y i e l d
l o - M n a v e r a g e  o r e 4 . 0 0 . 1 0 2 . 0 0 . 0 1 0 . 1 3 0 . 1 0 2 2 . 3 4 5 8 . 2
H i - M n a v e r a g e  o r e 4 . 9 0 . 3 2 2 . 3 0 . 0 1 0 . 1 7 0 . 3 7 2 4 1 . 5 8 1 9 . 8
c l a y a v e r a g e  c l a y 2 8 . 0 0 . 6 4 1 1 . 9 0 . 0 2 0 . 0 5 0 . 0 9 7 0 . 2 0 7 . 2
T Y  o a k c h a r c o a l 2 . 6 0 . 0 3 0 . 7 0 . 0 0 4 6 . 8 0 0 . 0 0 0 1 . 9 4 1 . 0
A a v e r a g e  s l a g 1 1 . 2 0 . 3 0 5 . 1 0 . 0 1 1 . 0 2 0 . 1 4 3 7 . 3 8 4 0 . 0 6 1 . 8
m o d e l l e d  s l a g 1 1 . 1 0 . 2 9 5 . 2 0 . 0 1 0 . 9 8 0 . 2 1 8 7 . 3 7 1 0 3 . 1
B 1 - B 2 a v e r a g e  s l a g 1 2 . 4 0 . 2 9 5 . 1 0 . 0 1 1 . 2 9 0 . 1 3 1 7 . 1 9 3 8 . 0 5 6 . 8
m o d e l l e d  s l a g 1 1 . 9 0 . 3 1 5 . 5 0 . 0 1 1 . 2 7 0 . 1 9 7 7 . 0 3 8 5 . 9
B 3 a v e r a g e  s l a g 1 2 . 4 0 . 3 3 5 . 3 0 . 0 1 1 . 0 6 0 . 1 5 4 7 . 7 2 3 7 . 3 6 7 . 2
m o d e l l e d  s l a g 1 2 . 0 0 . 3 2 5 . 7 0 . 0 1 1 . 0 6 0 . 2 3 6 7 . 9 7 1 1 1 . 6
C 1 - 1 a v e r a g e  s l a g 1 3 . 3 0 . 3 1 6 . 4 0 . 0 1 0 . 9 1 0 . 1 1 6 5 . 6 7 3 6 . 6 7 2 . 1
m o d e l l e d  s l a g 1 3 . 3 0 . 3 4 6 . 3 0 . 0 2 0 . 9 6 0 . 2 4 2 5 . 6 5 1 2 8 . 1
C 1 - 2 a v e r a g e  s l a g 1 0 . 2 0 . 2 7 4 . 2 0 . 0 1 0 . 5 1 0 . 1 4 1 7 . 2 6 4 4 . 3 4 3 . 0
m o d e l l e d  s l a g 9 . 8 0 . 2 6 4 . 6 0 . 0 1 0 . 4 8 0 . 1 8 2 7 . 2 7 7 6 . 9
C 2 - 1 a v e r a g e  s l a g 1 4 . 7 0 . 3 5 6 . 2 0 . 0 1 0 . 6 3 0 . 0 8 7 5 . 0 5 3 5 . 3 7 1 . 1
m o d e l l e d  s l a g 1 4 . 3 0 . 3 6 6 . 6 0 . 0 2 0 . 7 0 0 . 2 2 9 5 . 2 1 1 1 8 . 2
C 2 - 2 a v e r a g e  s l a g 1 0 . 8 0 . 2 6 4 . 1 0 . 0 1 0 . 5 9 0 . 0 8 0 6 . 0 9 4 4 . 7 4 8 . 6
m o d e l l e d  s l a g 1 0 . 2 0 . 2 7 4 . 7 0 . 0 1 0 . 6 2 0 . 1 7 4 6 . 0 6 7 7 . 4
As expected, the yields estimations indicate that two distinct smelting recipes
were used sim ultaneously during the later phases o f  Llwyn Du. Similarly, the
contribution from fuel ash appears to slowly wane. W hat remains to be answered is
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why. The next section explores some o f the evolutionary dynamics that may have been 
involved.
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Figure 9.8: Best-fit materials balance solution for Llwyn Du Phase A slag. EF = 1.96; 
88.2 % ore + 4.0 % Mn-rich ore + 7.0 % clay + 0.8 % fuel ash = 61.8 % iron yield.
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F ig u re  9.9: Best-fit materials balance solution for Llwyn Du Phase B1-B2 slag. EF =
1.74; 81.7 % ore + 5.0 % Mn-rich ore + 12.0 % clay + 1.3 % fuel ash = 56.8 % iron yield.
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Figure 9.10: Best-fit materials balance solution for Llwyn Du Phase B3 slag. EF = 2.12; 
88.2 % ore + 4.0 %  Mn-rich ore + 7.0 % clay + 0.8 % fuel ash = 67.7 % iron yield.
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F ig u re  9.11: Best-fit materials balance solution for Llwyn Du Phase C l -1 slag. EF = 2.37;
91.9 %  ore + 0.5 % Mn-rich ore + 7.0 % clay + 0.6 % fuel ash = 72.1 % iron yield.
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Figure 9.12: Best-fit materials balance solution for Llwyn Du Phase C l-2 slag. EF = 1.53; 
82.9 %  ore + 6.7 % Mn-rich ore + 10.0 % clay + 0.4 % fuel ash = 43.0 % iron yield.
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Figure 9.13: Best-fit materials balance solution for Llwyn Du Phase C2-1 slag. EF = 2.25;
89.1 % o re  + 0.5 % Mn-rich ore + 10.0 % clay + 0.4 % fuel ash = 71.1 % iron yield.
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Figure 9.14: Best-fit materials balance solution for Llwyn Du Phase C2-2 slag. EF = 1.53; 
83.7 % ore + 4.7 % Mn-rich ore + 11.0 % clay + 0.6 % fuel ash = 42.9 % iron yield.
Lineage Explanation 
Exchange and Production
The production and exchange o f  iron in M edieval Britain is a complex multi­
tiered state system in which smelters operated a large variety o f  furnaces and served 
markets o f varying scales. Ironworkers o f  all scales had to compete with foreign 
producers in both general and specialised product markets. The quantities o f imports 
flowing into the country during the late middle ages (Childs 1981, 26-27; Threlfall- 
Holmes 1999) and the active prohibitions against exporting (Smith 1995, 246) are good 
indications that Britain was not a leading producer for the European market at that time. 
This probably has more to do with economics than production capacity or ore quality 
((contra Childs 1981, 33, 40). For instance, it seems likely that Britain held a 
comparative advantage in wool and cloth production relative to other European nations
such as Spain (Childs 1981, 45; Stephenson 1988).
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It is difficult to estimate precisely what the economic environm ent was like in 
northwest W ales during the late fourteenth century. That it was prosperous for iron 
producers seems certain given that some 27 accounts survive for ironworks in the region 
from 1355-1419 (Smith 1995, 266). This was a tum ultuous period for both the region 
and Britain as a whole. The Black Death had ravaged through Europe, the Hundred 
Y ears’ War was ongoing, and Owain G lyndw r’s rebellion rounded o ff the end o f the 
period. Iron was in demand for building works across Britain, and alm ost certainly for 
military purposes.
The price o f  iron, like many other comm odities, was dramatically inflated 
following the plague years (Jon Monroe 2006, personal communication). Through 
experiments and analysis o f the historical accounts, it has been possible to draw up a 
rough estimate o f  the total labour and resources required to maintain constant 
production. Approximately 10-12 full-time personnel would be needed to ensure fluid 
year-round production (Charlton and Crew n.d., 8 ). These include 4 ironworkers (1 
master, 1 general support, and 2  bellows operators), 1 ore collector/preparer, 2  general 
support personnel, 2 axe-men/colliers, and 2 transport personnel. Operational costs per 
production cycle include some 40 kg o f ore, 80 kg o f  charcoal, clay and water for 
making furnace repairs, and 1 dozen (12 lbs) o f  iron per week for rent. Assuming a 
fairly constant yield o f  65-70% and a 35% loss from smithing, then the benefits o f  the 
process are about 1 2  lbs o f iron per day.
Medieval economic historians have written extensively on wages, costs o f 
living, and the price o f commodities in Britain, albeit heavily biased towards the south 
and southeast o f  the country. Taking some liberties with the published data, it is 
possible to make a crude estimate for the monetary wages an ironworker would make 
per day in a given year. Salzman (1952, chapter 19) provides a list o f  prices paid for 
iron from 1300-1399 from which it is possible to estimate the prices fetched at Llwyn
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Du. Charcoal costs (and thus the labour costs o f  5 individuals) can be estimated at 3 5  
per load (or 4.5 tonnes) using values published in Ham mersley (1973, 609) for the 
sixteenth century. Beveridge (1936) and Postan (1950) each provide data regarding the 
wages o f skilled and unskilled labourers throughout the period o f  interest. This can be 
used to estimate the proportion o f  wages received by each person at the ironworks and 
suggests a scale by which the estimated wages can be judged. Here, it is assumed that 
the ironmaster receives a full share, and that all others receive approxim ately 75 %  o f 
his wage. In actuality, the m aster’s share may have been substantially higher since 
many o f  the workers would have likely been apprentices or young family members.
Table 9.5: Wages for medieval British craftsmen in comparison to the estimated wage of an ironmaster 
in northwest Wales. Skilled labour statistics published in Postan (1950, 233). General labour statistics 
published in Beveridge (1936, 41). Fuel cost derived from prices published in Hammersley (1973, 609); 
iron prices derived from Salzman (1952, chapter 9)._______________________________________________
Years C arpen ter
( d / d a y )
Tiler
( d / d a y )
T hatcher
( d / d a y )
Mason
( d / d a y )
General Labour
( d / d a y )
Iron Price
( d / d z )
Fuel costs
( d / d a y )
Ironm aster
( d / d a y )
1 3 0 0 - 0 9 2 . 8 2 3 . 1 1 2 . 2 2 . 9 3 1 . 4 9 2 . 0 0 0 . 6 3 0 . 3 0
1 3 1 0 - 1 9 3 . 4 1 2 . 9 3 1 . 9 5 3 . 1 3 1 . 8 7 2 . 0 0 0 . 6 3 0 . 3 0
1 3 2 0 - 2 9 3 . 3 9 3 . 0 1 2 . 0 8 3 . 2 7 1 . 8 4 4 . 3 2 0 . 6 3 0 . 8 2
1 3 3 0 - 3 9 3 . 1 8 2 . 8 2 . 0 9 3 . 1 1 . 7 8 6 . 8 3 0 . 6 3 1 . 3 8
1 3 4 0 - 4 9 2 . 9 6 2 . 8 7 2 . 2 1 2 . 8 9 1 . 8 6 4 . 1 8 0 . 6 3 0 . 7 9
1 3 5 0 - 5 9 3 . 9 2 3 . 3 9 2 . 9 8 3 . 8 2 . 8 5 8 . 4 6 0 . 6 3 1 . 7 4
1 3 6 0 - 6 9 4 . 2 9 3 . 8 8 3 4 . 1 3 3 . 2 5 7 . 7 4 0 . 6 3 1 . 5 8
1 3 7 0 - 7 9 4 . 3 2 4 3 . 5 4 . 0 4 3 . 1 9 1 0 . 2 1 0 . 6 3 2 . 1 3
1 3 8 0 - 8 9 4 . 4 4 3 . 1 1 4 3 . 3 5 - - -
1 3 9 0 - 9 9 4 . 1 3 4 3 . 0 7 4 3 . 3 1 8 . 0 0 0 . 6 3 3 . 8 6
1 4 0 0 - 0 9 4 . 6 4 4 3 . 6 7 4 . 2 9 3 . 5 3 - - -
1 4 1 0 - 1 9 4 . 5 1 4 . 0 7 4 4 . 3 3 . 6 9 - - -
1 4 2 0 - 2 9 4 . 5 2 4 4 4 . 3 1 3 . 8 3 - - -
1 4 3 0 - 3 9 4 . 7 5 4 . 5 4 . 2 8 4 . 7 5 3 . 8 7 - - -
1 4 4 0 - 4 9 5 . 1 8 5 4 . 5 5 . 1 5 4 . 1 1 - - -
1 4 5 0 - 5 9 5 . 2 3 5 5 5 . 2 6 4 . 0 3 - - -
Calculations o f  this sort are fraught with error, but do give an indication o f  the 
kinds o f  wages that might have been received relative to other craftsmen. No attempt 
has been made to estimate purchasing power, or so-called real wages, though this could 
also be done using the index first suggested by Phelps Brown and Hopkins (1956).
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Table 9.5 provides a summary o f  the data and shows that it is only during the late 
fourteenth century that iron production at the scale o f  Llwyn Du could have been a 
worthwhile endeavour in Britain.
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Figure 9.15: Plot of Llwyn Du slag on the FeO-Si02-Al20 3 ternary phase
diagram. Specimens have been “corrected” by removing the estimated clay 
contribution from each phase and group.
Within this environm ent o f high production costs, high demand, high 
competition, it would be to the benefit o f  the iron producer to maximise yields relative 
to resources. Selection is expected to favour any innovation in behaviour that pushes 
slag chemistry toward optimum 1 on the FeO-SiCVAbCL phase diagram. When the 
Llwyn Du slag is plotted on this diagram (Figure 9.15), however, it seems that both 
optima 1 and 2 are favoured, but only in the later phases. This suggests that the 
economic model presented in chapter 5 is incomplete. Clearly there was room for less 
efficient processes in the medieval market.
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As suggested above, the most likely scenario involves the production o f  two 
products. The strength o f the reducing conditions that would be required to force slag 
chemistry above the pure fayalite line are likely to result in a steel end product. Indeed, 
Chris Salter’s examination o f  some o f the metal debris from Llwyn Du has revealed it to 
be eutectoid steel surrounded by white cast iron (Crew and Charlton n.d., 4). But steel 
is not always the best material for forging into an item and other bloomery products 
may also be desired. Perhaps the only way to prevent an excessively steely product is to 
limit reduction to a point that slag approximates optimum 2  (at least relative to the 
locally available bog ores). Additional experiments are required to address this issue, as 
are more detailed studies o f iron and steel prices and their varied demand on the market. 
Evolutionary game theory might then be invoked to establish the optimum production 
strategy for smelting enterprises o f a given scale.
Social Learning
A pprenticeship or vertical transmission pathways within kin groups were the 
dominant modes o f  learning craft skills in medieval Britain. This kind o f transmission 
tends to be highly conservative as learners refine their skills through constant repetition 
o f  the same or sim ilar activities. Variation is therefore expected to increase slowly 
through biased transmission, with the accum ulation o f  variants kept below the 
perceptive threshold. While this seems to hold true for both Crawcwellt West and Bryn 
y Castell, it is hard to justify for Llwyn Du. Rather, the medieval ironworkers seem to 
have adhered to a very different code o f  behaviour— one that actively sought new 
variants.
Evidence for constraints on innovation was sought in both ore handling and 
furnace operation using the F, G, and S indices described in previous chapters. Error 
ranges were constructed following the procedures developed in chapter 6  with one
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m odification. While it was reasonable to assume a 5 % rate o f  copying error for each 
production cycle in the prehistoric cases where smelting was an infrequent exercise, the 
same is not necessarily true for full-time specialists. Rates o f  innovation within 
standardised environments are significantly less, probably in the range o f  2-3%  
(Eerkens 2000, 667). An error rate o f 2.5 % was used to simulate 250 lineages in order 
to estimate the tim e-averaged variation expected per phase. An estimated 14,000 
production cycles were carried out at Llwyn Du (Crew and Charlton n.d., 5). Assum ing 
1 0  years per phase and constant production intensity, a total o f  2800 cycles would lead 
to an estimated 25.5%  o f accumulated variation.
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A graph o f  “refined” F-values for Llwyn Du suggests that very little change 
occurred in ore selection and preparation (Figure 9.16). The increased variation around 
B3 is an artefact o f  a small sample o f  one for group 2. Actual variation around the 
mean for group 2 decreases between phases A and B3 and then increases drastically in 
C l (see Figure 9.19). The fact that variation decreases implies the action o f forces 
stronger than transmission biases, which simply prevent it from growing. Rather, 
stabilising selection seems to have played an important role in m aintaining a consistent 
product. It is unclear why variation should suddenly increase in C l, but it does
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A B1-B2 B3 C1 C2
Figure 9.16: Graph of mean F-values for Llwyn 
Du slag by phase and group. Points indicate group 
1 slag and boxes indicate group 2 slag. All values 
refined by removing the estimated clay contribution 
from each phase and group. Error bars = ± 25.5 %.
correspond with the emergence o f a sharp distinction between recipes. Perhaps the 
strength o f reduction made it unnecessarily costly to spend large quantities o f  time 
selecting and preparing ores. Variation in the less reducing slag decreases, indicating 
that it might be under the influence o f stabilising selection (Figure 9.20). Unfortunately, 
two points cannot be used to argue for a trend.
G-values are more varied (Figure 9.17). Group 1 initially decreases in value 
then increases across two phases before decreasing once again. Group 2 is remarkably 
stable. No changes, other than the formation o f an additional slag group, are beyond the
perceptive threshold. Though the later phases have higher G-values, there is no 
evidence that this represents a trend toward increased reducing conditions. Variation 
around the mean drops slightly from A to B3 and then increases steadily through C2 
(Figure 9.19). The drop is not especially dramatic and the pattern may indicate random 
fluctuations. However, variation in G-values for the less reduced slag also increases 
from C l to C2. It is possible that the increased variation is related to the trend noted 
above o f  lessening fuel-ash contributions relative to other oxides.
30
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A B1-B2 B3 C1 C2
Figure 9.17: Graph of mean G-values for Llwyn 
Du slag by phase and group. Points indicate group 
1 slag and boxes indicate group 2 slag. All values 
refined by removing the estimated clay contribution 
from each phase and group. Error bars = ± 25.5 %.
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Figure 9.18: Graph of mean S-values for Llwyn 
Du slag by phase and group. Points indicate group 
1 slag and boxes indicate group 2 slag. All values 
refined by removing the estimated clay contribution 
from each phase and group. Error bars = ± 25.5 %.
S-values tell a slightly different story (Figure 9.18). After an initial drop in 
reducing conditions, S-values for the more strongly reduced slag systematically 
increase. Those for the less reduced slag remain relatively stable. All change occurs 
below the hypothetical perceptive threshold, except for a conscious decision to operate 
furnaces in two ways. The S-values for both slag groups decrease in variation over time 
(Figures 9.19 and 9.20). Again, this suggests that selection is actively culling variants 
that are less successful, while at the same time promoting variants that lead to greater 
iron yields.
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F igure 9.19: Patterns o f variation in Llwyn Du slag— group 1
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Figure 9.20: Patterns of variation in Llwyn Du slag—group 2
Summary
Late medieval Europe was characterised by highly competitive markets where 
the demand for iron was high, but so were the operating costs. Ironworkers in 
northwest Wales exploited a favourable turn in the market, no doubt produced by both 
plague and war. Such an environment favoured innovations that increased yields and 
reduced resource expenditures. Ironworkers at Llwyn Du responded through both 
subconscious exploration o f metallurgical possibility leading to more efficient processes 
and through active decision making to produce at least two kinds o f  ferrous product.
These products were almost certainly steel and a softer bloomery iron. Product 
differentiation evolved from a more generic model that had been in place for perhaps 
thirty years. One possibility for the mixed strategy is simply to supply material for two 
different markets. Another possibility is that the two iron varieties mark an attempt to 
maximise profit relative to rent costs (Thilo Rehren 2006, personal communication). 
Depending on actual resource costs and market values for iron or and steel, it may have 
been rational to smelt a less costly iron for rents (assuming it had a generic quality 
specification), while smelting better quality iron or steel for markets that would 
maximise profits. Testing this possibility requires more detailed knowledge o f the price
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differentials between iron qualities as well as accurate assessments o f the cost o f fuels 
and rates o f  consumption.
The divergent recipes were not predicted by the economic selection model 
discussed in Chapter 5. Rather than two equally efficient processes, it is clear from both 
the m icrostructure and chemistry that a recipe utilising less reducing conditions actually 
evolved from a recipe that produced higher yields. I f  nothing else, the study o f  the 
Llwyn Du slag has falsified the myth o f  technological progression. Clearly, more work 
is needed to explore the economic dynamics o f  a m ixed strategy o f bloomery production 
in Wales and elsewhere.
This chapter has assumed that fourteenth century ironworks were organised by 
kin-groups or guilds in a manner not dissim ilar from the Iron Age cases. However, this 
is an oversimplification. The written accounts clearly show that ironworkers were 
highly mobile and that lessees often took over works formerly under the control o f 
others. Both Welsh and English names are recorded as owners, and it is unclear 
whether these were always the ironmasters or simply owners o f  the facility who then 
hired local labour. At one extreme, it is possible that a num ber o f  different techno­
cultures produced iron in northwest Wales. A t the other extreme, perhaps only a few, 
organised kin-groups or guilds maintained the educational standard for all ironworkers 
in the region. Assessing these possibilities will require a num ber o f experiments using 
different recipes o f  the same ingredients to determ ine their effects on the chemical 
patterns in the final product. In general, one should expect to see very abrupt chemical 
changes with the introduction o f new recipes. Such does not seem to be the case at 
Llwyn Du, but clearly comparisons need to be made with slag chronicles from other 
local bloomeries.
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Chapter 10:
Pattern and Process in the Early Ironworks of 
Northwest Wales_______________________________
Ironmaking, like all technological endeavours, is a jum ble o f  im m anent and 
configurational properties spliced together by human intelligence and tradition within an 
environment that poses consequences for success and failure. The diversity o f 
ironmaking equipment and operational modes are well attested in historical, 
ethnographical, and archaeological records. However, little attention seems to have 
been paid to processes o f technological transmission or innovation in ancient iron 
production until the emergence o f blast furnaces (but see Schmidt and Avery 1983). 
This is not especially surprising since few furnace superstructures survive before the 
advent o f  the blast furnace, and the m orphological structure o f  slag is more a function o f  
furnace type (tapping, non-tapping, or slag-pit) than it is evidence for technological 
evolution. In order to overcome these problems, a series o f  models were developed to 
explain variation in slag chemistry in terms o f  geological and task constraints, 
innovation processes, differential sorting o f smelting recipes. These models were 
evaluated with slag from multiple experiments and then applied to ironworking residues 
from Crawcwellt West, Bryn y Castell, and Llwyn Du.
Theory
Students o f technology (scattered throughout the sciences, engineering, social 
sciences, and humanities) have attempted to make sense o f  the ways people go about 
making a living by examining engineering design, technology’s relationship to social 
and natural environments, innovation processes, production strategies, technological 
transmission, and technological change. Num erous investigative strategies have been
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used to explore these aspects o f technology, but most either rely on comm onsense 
interpretations, or are completely inductive and never look beyond the efficient cause. 
W hile rarely failing to add new insights to a technological phenomenon, the value o f  
interpretive studies is often reduced by what Schiffer (2000) refers to as indigenous 
theories riddled with invented or imaginary causes. Schiffer’s own approach is no 
better and he is only able to discuss the efficient cause when the historical record 
provides enough facts about actual human behaviour to infer the m otivations o f a 
population. Archaeologists are rarely so lucky.
A neo-Darwinian evolutionary theory o f  culture (at least the version advocated 
here) has the capacity to address each o f the problems sets above in both ethnohistorical 
and archaeological contexts. Its goal is to explain why particular technological variants 
exist when and where they do as a function of: 1) m odes o f  cultural transmission; 2 ) 
psychological constraints on cultural transmission; 3) ecology and fitness o f cultural 
trait expression within specified socioeconomic and natural contexts; and 4) sources o f 
variety. Assum ing that humans have the capacity to transm it their cultural traits to one 
another, then those traits will be sorted stochastically across space-time; biased by 
various psychological mechanisms and social institutions. New cultural variants 
emerge through copying error, environmental learning, and both conscious and 
unconscious reconfiguration. If the environm ent imposes survival and reproductive 
consequences for the expression o f an idea, then it will be sorted according to its fitness 
with respect to the environment.
In an evolutionary perspective, iron production technology and its distribution 
across a landscape is a consequence o f  ironmakers adapting to constantly changing 
environmental circumstances (caused in part by their own action). Their behaviour is 
tightly constrained by thermo-chemical possibility, resource availability, and the bounds 
o f  their own socially acquired and practiced knowledge. Such biases are not strict
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prohibitions on behaviour, but rather reflect a weighted probability o f  entering into or 
out o f  a particular technological pathway. W hile the natural environm ent does serve as 
a selective agent for ironmaking behaviour, especially in terms o f  fuel availability, the 
socioeconomic environm ent is much more influential in determ ining the success o f  a 
particular smelting recipe and production mode at a given location in space-time.
Models and Empirical Tests
Ore, clay and slag from all sites were chem ically analysed by (P)ED-XRF. Six 
models derived from metallurgical and evolutionary theory were applied to each data set 
in order to: 1) discriminate slags formed by different processes (sm ithing and
smelting); 2) identify lines o f technological transm ission; 3) estimate the materials 
balance and iron yields (slag groups defined by context and chemistry); 4) hypothesise 
selection on lineage trajectories; 5) hypothesise the nature o f  innovation (copying error 
or intentional change); and 6 ) evaluate the strength o f  sorting mechanisms on the 
production or destruction o f  variability. Since each site was investigated separately, 
there was no need to evaluate the effects o f  differential resource constraints. Residues 
from all sites are com pared below.
Crawcwellt West
Crawcwellt W est provided the earliest materials in the study and covered the 
longest continuous duration (300 BC-50 BC). This mid to late Iron Age site produced 
iron at a time when iron products were increasing in circulation, but demand was 
reasonably low. The lineage identified at Crawcwellt west is characterised by a linear 
trajectory o f  gradually increasing yields. All changes in the smelting recipe occurred 
below the perceptive threshold, assuming the rate o f  copying error to be about 5 %. 
Variation in ore selection and processing was likely strongly biased as a consequence o f
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social learning and perhaps by stabilising selection. This is based on the fact that F- 
values deviated very little from the mean and variation remained relatively constant
Variation in reducing conditions changed significantly over time, though always 
beneath the perceptive threshold. It seems likely that variation in furnace operation 
slowly accumulated, the more successful o f  which were selectively retained. This m ost 
likely occurred by subtle changes in blowing rates rather than experim entation with fuel 
to ore ratios. This assertion is based on the divergent patterns o f G and S-values. 
Variation in G-values drops between phases J5 and J1— implying the action o f  
stabilising selection on fuel to ore ratios, while variation in S-values increases 
significantly.
Bryn y Castell
Bryn y Castell held great promise for investigating iron production both 
immediately prior to and immediately following the occupation o f Roman military 
forces in the upland zone o f  northwest Wales. Unfortunately, the removal o f  corroded 
samples and smithing slags left a sample size o f  only 18 specimens distributed 
disproportionately across each activity phase. This fact has prevented any meaningful 
discussion o f  biases or innovation rates.
The lineage hypothesised for Bryn y Castell, plotted and formed in PC space, 
suggests that stasis was the dom inant pattern o f  production. It also revealed a rather 
surprising and heretofore unrecognised chemical pattern (see Crew 1986a, 91). Two 
recipes can be inferred for iron production at the hillfort, one making use o f  Mn-rich 
bog ores, the other focusing on the extremely rich orange and red bog ores. Even 
though the high-M n recipe is estimated to have a higher yield, only the low-Mn recipe 
appears to be copied during later time periods. While several scenarios are capable o f 
explaining this pattern, only one presents itself to testing. The hypothesis put forward
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here, is that selection for a particular product, probably a phosphoritic iron, was greater 
than selection for an efficient recipe or quite possibly a steely bloom. This assertion can 
be tested by with experiments using bog ores with sim ilar chemistries to determine what 
the true nature o f  the products was likely to have been and what costs and benefits 
might accrue from both its working and its exchange value. Serendipitous sourcing o f  
iron artefacts made with sim ilar bog ores might also provide some hints at the m etal’s 
value— but this is a long way off.
Despite the high concentrations o f  FeO in the slag, mass balance estimates 
suggested relatively stable high yields. There simply was not enough SiC>2 in the ore to 
produce a fayalitic slag. The selection model, therefore, does not apply because no 
optimum has been defined for low-SiCh ores. Further, if  it is the product rather than the 
process that is being selected, then where a slag specim en plots on the Fe0 -Si0 2 -Al2 0 3  
phase diagram becomes irrelevant.
Llwyn Du
The m arket environm ent o f  the late fourteenth century is a stark contrast to that 
o f the prehistoric sites. Demand for iron was several orders o f  magnitude higher than in 
the late Iron Age and international economics dom inated the market. Britain was 
becoming a heavy importer o f iron from countries such as Spain. However, in the 
century following the Black Death, the price o f  iron rose dramatically in comparison to 
other comm odities. Thus, it is during this time that Llwyn Du and other bloomeries o f 
similar production capacity could be profitable in Wales.
The lineage hypothesised for Llwyn Du shows remarkable change considering it 
only lasted some fifty years. M ost apparent is the splitting o f  the initial recipe-stem into 
two related branches beginning in the third phase o f  activity. Thus two recipes were 
operated side by side, both evolving along independent lines. The primary branch
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exhibits increasingly high yields (over 70 % in the final phases), while the derived 
branch emphasises a much less efficient reduction process and yields less than 50 %. 
One branch confirms the hypothesis o f  selection pushing slag chemistry toward 
optimum 1 on the Fe0 -Si0 2 -Al2 0 3  diagram, while the other falsifies it. This implies 
that either the model is incomplete or erroneously presuming that selection is more 
strongly acting on the smelting process rather than smelting products. G iven the 
strength o f the reducing conditions that were likely acting on the m ore-reduced slag 
group, it is likely that one o f  the products was a steel or at least steely bloom (an 
inference supported by metallographic evidence). The other was likely to have been a 
softer bloomery iron. This raises important questions about the possible benefits o f  a 
mixed production strategy during the late middle ages. An extensive survey o f iron 
varieties, uses, and prices for the period might provide a good basis for game theoretic 
m odelling in order to address this question.
Iron production at Llwyn Du was practiced on a daily basis. This implies a 
much higher level o f  standardisation than estimated for the prehistoric sites. Rates o f  
estimated copying error were reduced to 2.5 % to account for this difference. This error 
rate is estimated from Eerkens (2000) based on experim ental replication trials that have 
nothing to do with ironworking. However, no better estim ate currently exists.
Ore selection and handling procedures changed very little over time based on the 
pattern o f  F-values for both groups o f  slag. Variation in the highly reduced slag group 
is slowly dwindled over the first three phases o f  activity suggesting that stabilising 
selection was actively rem oving suboptimal variants. However, variation increases 
rapidly between phases B3 and C l, implying that whatever biasing factor was in place 
had now been rem oved. Perhaps the more reducing environm ent created by the recipe 
was suitable for smelting less rich ores.
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G and S-values both suggest that reducing conditions were steadily growing 
stronger in the highly reduced slag group, though always at rates below the perceptive 
threshold. The pattern o f  G-values seems to fluctuate for reasons that are unclear 
without more data. S-values, however, are constantly increasing from the second to 
fifth phase. It is difficult to tell whether the variation around G-values is exhibiting 
meaningful fluctuations or simply stasis. Either way it would indicate that fuel to ash 
ratios were tightly constrained. Variation in S-values decreases much more 
dramatically and suggests the action o f  stabilising selection. This probably indicates 
that reducing conditions were nearing their limit before slipping into a cast iron regime. 
Fewer variations in the recipe were allowed because losses through lower yields or 
failure were too costly.
The less reduced slag group shows rem arkable stability in both G and S values 
suggesting that the recipe was optimal for the kind o f  iron being produced. Variation 
increased slightly in G but was lowered in S over between C l and C2. Assuming 
sample size was not an issue, this implies that, the variation in furnace operating 
conditions was being reduced by stabilising selection, while fuel to ash ratios were 
given freedom to change. Based on the trajectories o f  slag chemistry as plotted on the 
third PC axis, this probably relates to small subconscious decisions to reduce the 
amount o f  fuel used per smelt.
Resource Variation in Northwest Wales
Smelting slag has a different character at each site investigated. While some o f 
the variation exists for technological reasons (especially those form Crawcwellt West 
and Llwyn Du), much o f  the variation can also be attributed to geological causes. 
Figure 10.1 suggests that most o f  the variation in slag chemistry in northwest Wales is a 
result o f  differential concentrations o f FeO and P2O5 relative to all other oxides. The
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Figure 10.1: PCA plot of slag from iron smelting sites in northwest 
Wales
resource constraint model generates a hypothesis that the slags from different sites were 
derived from different ore sources. Testing this inference against archaeologically 
recovered ore sources, however, reveals that the hypothesis only holds for slag from 
Bryn y Castell (Figure 10.2). Ores from Crawcwellt W est and Llwyn Du are essentially 
the same and are only discriminated by their relative SO 3 contents. Differences between 
Crawcwellt W est and Llwyn Du slag are predom inately caused by technological 
differences.
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Figure 10.2: PCA plot o f  ore from iron smelting sites in northwest Wales
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Technical clays and ceramics are also quite variable, each site being 
characterised by a different chemical group (Figure 10.3). Crawcwellt W est clays tend 
to have slightly higher MgO contents, but otherwise are very sim ilar to clays from Bryn 
y Castell. Collectively, these groups are characterised by high concentrations o f  SiC>2, 
K2O, TiC>2, and FeO. Llwyn Du clays however have higher concentrations o f  AI2O 3, 
SO3, CaO, MnO, SrO, and BaO. While it is possible that clays were processed 
differently at the prehistoric sites, nothing could be observed macroscopically. The best 
hypothesis, in the wake o f  a more sophisticated study o f  technical clay/ceramic 
variability, is that the clays were derived from different parent materials. The 
m oorlands associated with Crawcwellt W est and Bryn y Castell would certainly 
influence clay chemistry in different ways than would the upland forest environm ent o f 
Llwyn Du.
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Figure 10.3: PCA plot o f technical clay/ceramic from iron smelting sites in northwest Wales
Problems and Caveats
Evolutionary theory is a powerful tool for generating explanations for patterns o f
variation and change. However, it does demand very steep data requirements and a
solid understanding o f  the environment in which variation and change are manifest.
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Neither o f these criteria has been adequately met and all hypotheses must be treated 
with caution.
All o f  the models demanded much higher sample sizes than were obtainable. 
While there is no good way o f knowing what constitutes an adequate sample size until 
you have one (i.e. when the probability o f finding a new group or class o f  phenomena 
from repeated specimen draws is below, say, 1 0  %.), a good rule o f  thumb is to have 
minimally 15 specimens and preferably more than 30. Corrosion made chemical 
sampling on this scale impossible within the time frame o f  the study.
The socioeconomic environm ent in which ironworking took place is not fully 
understood for any o f the time periods considered here. M uch has been assumed on the 
basis o f  economic reconstructions for southern and south-eastern Britain which may or 
may not be applicable to Wales. Generalisations are broad enough that the expected 
patterns o f innovation and trajectories o f  change are adequately defined. However, 
studies such as those presented here will continue to be hindered until a more substantial 
effort is made to explain the economics o f  prehistoric and medieval Britain on local, 
island-wide, and pan-European scales.
The evolutionary models were designed on the assum ption that only one 
smelting recipe would be in use at any one site that would produce only one kind o f slag 
which would evolve in anagenetic fashion (i.e. change within a single lineage). For 
both Bryn y Castell and Llwyn Du, this assumption turned out to be false. Only the 
selection o f  slag samples was affected and new questions have to be raised for the 
possibility o f  mixed production strategies at bloomeries. There is also a question 
concerning whether the different groups o f slag represent different recipes, or simply 
the result o f  tapping slag during different stages o f the same smelt. The latter scenario 
seems less prom ising given the differences in estimated M n-rich ore influence (<1 % for
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group 1, and 4-6 % for Group 2). A num ber o f  smelting experiments with sim ilar ore 
variability will be required to test the validity and probability o f  each scenario.
The possibility o f  artisans with differential skill derived from different 
ironworking lineages at Llwyn Du is an important one given that records show 
significant mobility o f  ironmasters in the region. Differential skill and traditions seem 
unlikely explanations given that: 1) high yields (or at least high productivity) would 
have been necessary to make a sufficient living relative to the costs o f  learning the 
trade; and 2 ) there is no major disjuncture between smelting recipes as estimated by slag 
chemistry. Clearly, more needs to be known about the regional economy o f late 
medieval northwest Wales in order to estim ate real wages and costs o f living. There is 
also a need for new experiments to determ ine the limits o f  chemical possibility.
Does Theory Matter?
None o f  the techniques used in this thesis to analyse variation were explicitly 
designed to sort out problems o f  evolution, and most are employed to study and explain 
problems derived from immanent processes. The raw analyses could have been 
conducted by anyone and the same numerical results would be obtained. So does it 
m atter that evolutionary theory was used to study variation and change, or would any 
theoretical foundation suffice?
A theory is only useful if it advances the state o f  current understanding o f a 
phenomenon. It would be incorrect to conclude that practitioners o f technological 
choice, technology life histories, or old-fashioned culture history do not make such 
contributions. However, they have predominantly failed to explain why or how 
technology changes at scales larger than individual artisans acting in highly 
contextualised settings.
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Culture historians were deeply concerned with m onitoring stylistic variation and 
change, but failed to explain why it existed in more than comm onsense terms. N eo­
evolutionists and processual archaeologists sought to explain functional variation in 
terms o f progress and environmental determinism. These efforts failed when it was 
realised that many different technological solutions exist for the same problem. M odern 
technology studies are dominated by social constructionists who seek to explain 
technologies as socially embedded phenomena. Spatial variation in technology tends to 
be explained in terms o f proximate m echanism s related to different world views and 
natural constraints. Indeed, as Killick (2004, 571) happily admits, social 
constructionists do not even bother to ask questions in term s o f ultimate causation. By 
not asking such questions there is no need to look for patterns and structure in 
diachronic variation (except period by period). Rather, it seems to be invariance that is 
m ost fruitful to social constructionists— allowing more reliable use o f ethnographic data 
to enhance the static and forgetful archaeological record. But variation does occur, and 
occurs frequently.
As Killick (2004, 574) goes on to explain:
It follows that the plausibility o f social interpretations of prehistoric 
technology will vary directly with the range and quality o f the supporting 
material evidence. Thus the prehistoric society under study should have a rich 
and diverse material culture, the archaeological sites representing that culture 
should have good temporal and spatial resolution, and they must have been 
well excavated and recorded in great detail.
But the archaeological record is more often imperfect than perfect and is 
incapable o f  supplying high quality data on demand. A fram ework for understanding 
technology that requires near perfect information is o f  little value to most 
archaeologists. W hat do you do when societies simply fail to produce a rich record for 
archaeologists? K illick’s (2004, 575) answer is to consider an evolutionary approach!
Neo-D arw inian evolutionary theory is not perfect, and not likely to solve every 
archaeological problem it confronts. However, it will advance our understanding o f
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iron production and other technologies by suggesting plausible processes to explain 
patterns o f  variation observed in the archaeological record. These processes are 
associated with a set o f predictions for how variation should be expressed in different 
environmental circumstances (including the structure o f  social relationships when 
observable). While the process cannot be tested directly (except by experim ent and 
simulation), the predictions can. Even when hypotheses are falsified, we have learned 
something about the phenomena. Theory matters because without it vital questions o f 
the kind posed in this thesis would simply not be asked.
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Appendix A: 
Analytical Protocol
Macroscopic Analysis
Nearly all specim ens examined in this thesis were first sketched and 
photographed prior to being sampled for chemical and m icroscopic analysis. Initially, 
only a few representative samples were selected for full detailed recording. However, it 
became quickly apparent that m acroscopic details would be extremely valuable for 
sorting out anomalous chemical and m icroscopic findings. Thus, excluding a group o f 
20 Bryn y Castell specimens and the majority o f Llwyn Du specimens (previously 
recorded by Peter Crew), all specimen are fully recorded. Notes were taken regarding 
size, external and internal m orphology, corrosion, density, magnetism, and colour. 
Except for external morphology, most o f  this information is inessential for the present 
arguments and is not provided here. These data will be used for the final archaeological 
report for relating slag types to specific processes.
Chemical Analysis 
Measurement
The quantitative bulk chem istries for all original analyses were determined with 
a Spectro X-Lab Pro 2000 polarised energy dispersive x-ray fluorescence spectrometer 
[(P)ED-XRF] housed in the W olfson Archaeological Science Laboratories at the 
Institute o f  A rchaeology, University College London. XRF works on the assumption 
that the interaction o f  a high-energy x-ray beam with a target specimen results in a 
discharge o f  secondary x-ray photons from the region o f  interaction with energies 
characteristic o f  its chemical elements. A spectrum is created for the target by creating 
o f histogram o f  energy values.
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Energy dispersive methods, while fast and accurate, usually lack high precision 
because o f  significant levels o f  background noise and overlapping energy peaks (i.e. x- 
rays generated from different electron shells from different elem ents but emerging with 
similar energies). This can be overcome to some extent by filtering the x-ray beam so 
that its photons share a common amplitude orientation. Beam polarisation also limits 
the range o f elements excited by the x-ray beam and so can be used to limit the effects 
o f peak overlap.
Energy counts are converted into wt%  values by comparison to counts in some 
range o f  certified reference m aterials (CRM ) analysed under the same conditions (beam 
energy, count time, and method o f  specim en preparation). The software package 
supplied with the Spectro X-Lab Pro 2000 performs this step autom atically using a 
range o f  pre-loaded CRM s and an iterative pattern m atching algorithm. More extensive 
details on this method o f  machine calibration are given by Veldhuijzen (2003, 106-111). 
The two (P)ED-XRF calibration methods followed in this thesis are Slag Fun—  
developed by Xander Veldhuijzen (2003) for determ ining the bulk chemistries o f iron 
oxide rich materials— and Cerv2a— developed by Simon Groom for determining the 
bulk chemistry o f ceramic materials. Both m ethods have been calibrated for specimens 
prepared as pressed pellets. Errors introduced by this mode o f  sample preparation 
include m atrix (overall chemical makeup), m ineralogical, and grain size effects.
The Spectro X-Lab Pro 2000 allows up to twenty 32 mm pellets to be analyzed 
in a single analytical run. The following protocol was followed for each. Each sample 
was analyzed a m inimum  o f  three times in order to spot significant errors produced by 
any single m easurem ent and to reduce random machine biasing to an average value. 
The first sample position was always filled with the SQ-1 Spectro quartz disk 
calibration standard. This provided a check against cross-sample contamination during 
runs o f  m ultiple specimens. Rarely, a pellet would crack and deposit material across the
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x-ray beam window which would then contaminate all future analyses. Such events 
could easily be observed by comparing the SQ-1 spectra from successive runs.
At least one CRM was analyzed during each analytical run. W hile these were 
not required for calibration they did provide a means to check machine performance 
across individual runs and assess accuracy and precision across multiple runs. Table 
B .l shows the means, standard deviations, and coefficients o f  variation derived for 
select oxides from multiple runs o f four standard reference m aterials analyzed with 
Slag Fun. All analyses proved to be very accurate, differences from published values 
typically ranging between a few tenths o f  a percent for m inor elem ents and as much as 
one or two percent for major elements. Variation around the means tend to be greatest 
for oxides in relatively low abundances. M ore discussion on the accuracy and precision 
o f the Slag Fun method can be found in V eldhuijzen (2003). Similar data were not 
obtainable for the Cerv2a method.
Table A .l: Summary statistics and suggested values for standard reference materials analyzed n 
times on the Spectro X-Lab Pro 2000 (P)ED-XRF at the Wolfson Archaeological Science 
Laboratories. Suggested values for W-25:R are the mean values published in Kresten and 
Hjarthner-Holdar (2001). SD— Standard deviation; CV—coefficient o f variation.. Mean values 
were derived from raw (unnormalised) data.______________________________________________
BCS 301 L incolnshire Iron O re 
SD m ean  (wt%)
n=55
CV su g g ested  v a lu e  (wt%)
M g O 0 . 1 1 . 4 4 . 1 1 . 7 3
A l 2 0 3 0 . 1 4 . 2 1 . 9 4 . 2 6
S 1 0 2 0 . 1 7 . 6 1 . 6 7 . 4
P 2 0 5 0 . 0 2 0 . 7 0 3 . 4 3 0 . 8 0
so3 0 . 0 1 0 . 5 9 2 . 0 5 1 . 0 0
k 2 o 0 . 0 0 0 . 3 3 1 . 3 7 0 . 3 2
C a O 0 . 1 5 2 0 . 6 6 0 . 7 4 2 2 . 6 0
T i 0 2 0 . 0 2 0 . 1 3 1 5 . 5 8 0 . 1 6
M n O 0 . 0 1 1 . 1 1 1 . 2 4 1 . 2 5
F e O 0 . 2 3 1 . 7 0 . 6 3 0 . 6 8
S r O 0.000 0 . 0 2 9 0 . 8 8 0
B a O 0 . 0 0 1 0 . 0 0 6 2 4 . 0 8 7
282
ECRM 681-1
SD
Iron o re
m ean  (wt%)
n=41
CV su g g ested  v a lu e  (wt%)
M g O 0 . 0 1 . 1 4 . 2 1 . 4 8
AI2O3 0 . 2 1 2 . 0 1 . 3 1 0 . 6 1
S i 0 2 0 . 2 1 7 . 4 1 . 0 1 7 . 8
P2O5 0 . 0 3 2 . 0 2 1 . 4 3 2 . 0 2
S 0 3 0 . 0 2 0 . 3 2 6 . 0 6 0 . 2 6
K 2 0 0 . 0 0 0 . 5 4 0 . 9 0 0 . 5 9
C a O 0 . 0 3 3 . 6 5 0 . 8 8 3 . 9 2
T i 0 2 0 . 0 3 0 . 4 2 7 . 3 7 0 . 4 8
M n O 0 . 0 0 0 . 2 7 0 . 7 8 0 . 2 8
F e O 0 . 3 4 2 . 3 0 . 7 4 2 . 7 2
S r O 0 . 0 0 1 0 . 1 1 7 0 . 9 1 4
B a O 0 . 0 0 4 0 . 0 1 5 2 5 . 9 5 4
USGS NOD-A-1 M anganese N odule n=58
SD m ean  (wt%) CV suggested  v a lu e  (wt%)
M g O 0 . 2 4 . 5 5 . 4 4 . 7 6
a i 2 o 3 0 . 2 3 . 3 5 . 3 3 . 8 7
S i 0 2 0 . 2 3 . 6 6 . 3 3 . 8 1
p 2 o 5 0 . 0 6 1 . 0 5 5 . 6 6 1 . 4 0
S 0 3 0 . 0 8 1 . 2 3 6 . 2 1
K 2 0 0 . 0 2 0 . 6 1 3 . 2 6 0 . 6
C a O 0 . 3 6 1 4 . 4 4 2 . 5 1 1 5 . 4
T i 0 2 0 . 1 5 0 . 4 9 2 9 . 6 7 0 . 5 3
M n O 1 . 4 1 2 2 . 2 4 6 . 3 3 2 3 . 9
F e O 0 . 4 1 5 . 2 2 . 6 1 4 . 0
S r O 0 . 0 0 2 0 . 1 7 7 1 . 2 3 0 0 . 2 0 7
B a O 0 . 0 3 8 0 . 1 7 8 2 1 . 0 6 1 0 . 1 8 6
W-25:R G ryssen Viking Age iron slag n=4
SD m ean  (wt%) CV su g g ested  v a lu e  (wt%)
M g O 0 . 1 0 . 4 2 1 . 5 0 . 3 8
a i 2 o 3 0 . 4 7 . 1 5 . 3 7 . 1 4
S i 0 2 0 . 2 2 4 . 7 0 . 7 2 4 . 7 3
p 2 o 5 0 . 0 8 0 . 2 6 3 2 . 0 5 0 . 2 6
S 0 3 0 . 0 2 0 . 1 6 1 0 . 7 1 0 . 1 0
K 2 0 0 . 0 3 1 . 0 5 2 . 5 6 1 . 0 2
C a O 0 . 0 5 1 . 3 6 3 . 6 6 1 . 4 2
T i 0 2 0 . 0 1 0 . 3 4 2 . 0 1 0 . 3 2
M n O 0 . 0 1 2 . 9 6 0 . 4 8 3 . 0 1
F e O 2 . 0 5 8 . 1 3 . 4 5 7 . 1
S r O 0 . 0 0 4 0 . 0 0 3 1 1 9 . 2 7 3 0 . 0 1 0
B a O 0 . 0 0 2 0 . 1 1 5 1 . 5 9 8 0 . 0 9 0
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Specimen Preparation
Ores were lightly washed to remove soil and organic m atter and then roasted 
following the procedures outlined below. The surfaces o f  clay and technical ceramics 
were ablated to remove all adhering dirt and accum ulated residues. Slag, however, had 
to be sampled more carefully. Select pieces were first cut into a series o f  sections in 
order to find uncorroded regions inside the core o f  the specimen. Any rem aining 
surfaces were then ablated to rem ove obvious areas o f  corrosion.
As noted above, (P)ED-XRF is a surface analytical technique. This requires that 
the specimen be hom ogenised in order to generate a meaningful result concerning its 
chemical composition. Specimens m ust be crushed into powder with a maximum grain 
size o f 50 pm. In the W olfson labs, this is done in two steps: 1) crushing a cut, clean, 
and dried sample o f approxim ately 20-30 g in hardened steel percussion mortar to a 
course sand to fine gravel size; and 2) pulverising this material in a Fritsch Pulverisette 
7 Planetary Micro Mill using a hardened steel grinding bowl with tungsten-carbide 
grinding balls. Standard practice for ferrous slag is to use six 10 mm balls in a 45 ml 
bowl run on speed setting 8  (approxim ately 650 RPM) for 5 minutes. Fully roasted bog 
ore and dried furnace clays are run at som ewhat lower speeds (usually setting 6  
(approximately 400 RPM). M ortars are cleaned with ethanol between samples, though 
sometimes grinding with sand paper is also required. Grinding bowls are cleaned with 
sand and ethanol between each run to minimise cross-sam ple contamination.
Prepared powders are dried at 105 °C for 12 hours to remove all moisture. The 
dried powder is then mixed with an industrial wax using a ratio o f 0.1125 g wax/g 
specimen. The wax both dilutes the specimen and acts as a binder for forming a pressed 
pellet. Pellets are made by filling a 32 mm aluminium cup with the homogenised 
powder and placing them under approximately 15 tonnes o f pressure for 2.5 minutes. 
The result is a durable pellet with smooth homogenous surface.
284
Loss on Ignition
Bog ores contain a significant proportion o f  highly volatile components. This 
fraction was m easured by determining the wt%  o f  the ore mass lost at different 
temperatures— loss on ignition (LOI). Porcelain crucibles were washed with ethanol 
and placed in a furnace set at 1000 °C for one hour to rem ove all moisture. The crucible 
was then weighed and placed in the furnace for an additional hour. This procedure was 
repeated until the crucible mass becam e stable. N ext a minimum o f  30 g o f  crushed ore 
was placed in the crucible and weighed. This was then placed in a furnace set at 550 °C 
for one hour and reweighed. This tem perature is sufficient to break down and remove 
hydroxide components o f  the ore. Finally the ore is placed into the furnace set at 950 
°C for one hour and weighed again. This tem perature is sufficient for removing most 
carbonates. While this is a crude way to conduct LOI determinations, it was sufficient 
for accurately determining the volatile com ponent o f bog ores. It also served a second 
function, by completely roasting the ore. This made pulverising the ore to powder much 
easier by removing sticky hydroxides and enhanced the quality o f chemical analysis by 
removing carbon and hydrogen from the matrix.
Microscopic Analysis
Optical m icroscopy was intended to play only a minor role in this thesis. Its 
function was to be limited to assessment o f  reducing conditions by monitoring the 
abundance o f  wiistite relative to fayalite in bloomery slag. It also took on the 
unintended but essential role o f sorting slag with high levels o f glass corrosion from 
those with no, or very little, corrosion. This corrosion was not identified 
m acroscopically and only became apparent under high magnification.
Specim ens were randomly chosen from identified chemical groups. These were 
then cut to size using an abrasive saw, washed with water, placed in an ultrasonic bath,
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rinsed with ethanol, dried, and ultimately mounted in an epoxy resin. These were then 
ground using a series o f abrasive disks (120, 320, 600, 1200, and 2400 grit) and 
polished using a series o f diamond pastes (30 pm, 5 pm, and 1 pm). M ounted 
specimens were washed in an ultrasonic bath and rinsed with ethanol between each 
polishing and grinding stage. These were examined using an Olympus reflected light 
microscope and photom icrographs taken at 50x, lOOx, 200x, and 500x.
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Appendix B:
Data and Statistical Reports for Chapter 5
Table B .l: Abridged PCA report for XP27 slag chemistry (99.98 %  of variance explained)
scores Specimen PC01 PC02 PC03 PC04 PC05 PC06
original X P 2 7 0 4 1 ■ 1 . 1 7 1 . 3 0 - 0 . 9 6 0 . 0 4 0 . 0 8 0 . 0 4
X P 2 7 0 4 2 - 1 . 6 7 - 0 . 5 3 - 0 . 3 2 0 . 1 1 0 . 0 5 - 0 . 0 8
X P 2 7 0 5 - 1 . 5 7 - 0 . 5 0 - 0 . 1 2 - 0 . 0 2 0 . 0 4 - 0 . 0 6
X P 2 7 0 6 1 - 1 . 2 2 - 1 . 2 0 0 . 2 2 0 . 3 2 0 . 0 3 0 . 1 0
X P 2 7 0 6 2 - 1 . 8 1 - 0 . 6 3 0 . 2 7 - 0 . 7 3 - 0 . 0 2 0 . 0 3
X P 2 7 0 6 3 - 1 . 1 1 - 1 . 4 2 0 . 8 7 0 . 2 5 - 0 . 0 9 - 0 . 0 2
X P 2 7 0 7 - 1 . 0 2 2 . 2 8 - 0 . 6 4 0 . 0 9 - 0 . 1 3 0 . 0 0
X P 2 7 1 0 1 3 . 1 1 1 . 9 7 1 . 5 5 0 . 0 0 0 . 0 5 - 0 . 0 1
2 7 1 5 6 . 4 5 - 1 . 2 6 - 0 . 8 7 - 0 . 0 6 - 0 . 0 2 0 . 0 0
scores Specimen PC01 PC02 PC03 PCM PC05 PC06
normalised X P 2 7 0 4 1 - 0 . 4 1 0 . 9 0 - 1 . 1 7 0 . 1 3 1 . 1 6 0 . 7 0
X P 2 7 0 4 2 - 0 . 5 9 - 0 . 3 7 - 0 . 3 8 0 . 3 8 0 . 7 5 - 1 . 5 9
X P 2 7 0 5 - 0 . 5 5 - 0 . 3 4 - 0 . 1 4 - 0 . 0 7 0 . 5 4 - 1 . 0 7
X P 2 7 0 6 1 - 0 . 4 3 - 0 . 8 3 0 . 2 6 1 . 0 6 0 . 4 7 1 . 8 5
X P 2 7 0 6 2 - 0 . 6 4 - 0 . 4 4 0 . 3 2 - 2 . 4 3 - 0 . 2 6 0 . 5 4
X P 2 7 0 6 3 - 0 . 3 9 - 0 . 9 8 1 . 0 5 0 . 8 2 - 1 . 3 0 - 0 . 3 1
X P 2 7 0 7 - 0 . 3 6 1 . 5 8 - 0 . 7 7 0 . 3 0 - 1 . 7 9 0 . 0 4
X P 2 7 1 0 1 1 . 0 9 1 . 3 6 1 . 8 7 - 0 . 0 1 0 . 7 2 - 0 . 1 4
2 7 1 5 2 . 2 6 - 0 . 8 7 - 1 . 0 5 - 0 . 1 8 - 0 . 3 0 - 0 . 0 2
loadings V a r i a b l e PC01 PC02 PC03 PCM PC05 PC06
M g O 0 . 8 2 0 . 3 8 0 . 4 1 0 . 1 0 - 0 . 0 2 0 . 0 2
a i 2 o 3 0 . 9 6 0 . 0 0 - 0 . 2 9 0 . 0 0 - 0 . 0 1 - 0 . 0 1
S i 0 2 0 . 9 9 0 . 0 3 - 0 . 1 6 0 . 0 4 0 . 0 1 - 0 . 0 2
p 2 o 5 - 0 . 9 4 0 . 2 7 - 0 . 1 7 - 0 . 1 2 - 0 . 0 1 0 . 0 1
k 2 o 0 . 9 6 0 . 0 0 - 0 . 2 6 0 . 0 0 - 0 . 0 1 0 . 0 3
C a O 0 . 9 2 0 . 3 8 - 0 . 0 6 - 0 . 0 2 - 0 . 0 2 - 0 . 0 2
T i 0 2 - 0 . 5 6 0 . 8 2 0 . 0 0 - 0 . 0 3 0 . 0 3 0 . 0 1
M n O - 0 . 9 5 0 . 0 9 - 0 . 1 6 0 . 2 5 0 . 0 0 - 0 . 0 1
F e O - 0 . 9 4 - 0 . 1 4 0 . 3 2 - 0 . 0 3 - 0 . 0 4 - 0 . 0 1
S r O 0 . 3 4 0 . 9 3 0 . 1 5 - 0 . 0 1 0 . 0 0 - 0 . 0 1
B a O - 0 . 8 2 0 . 4 1 - 0 . 4 0 0 . 0 2 - 0 . 0 4 0 . 0 0
PC01 PC02 PC03 PCM PC05 PC06
Eigenvalues 8 . 1 2 2 . 0 9 0 . 6 8 0 . 0 9 0 . 0 1 0 . 0 0
% variation 7 3 . 8 4 1 9 . 0 3 6 . 2 2 0 . 8 3 0 . 0 5 0 . 0 2
Cumulative % 7 3 . 8 4 9 2 . 8 6 9 9 . 0 8 9 9 . 9 1 9 9 . 9 6 9 9 . 9 8
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Table B.2: Abridged PCA report for XP63 slag chemistry (99.93 % of variation explained)
scores S p e c i m e n PC01 PC02 PC03 PC04 PC05 PC06
original X P 6 3 / S 6 0 . 4 3 - 0 . 9 5 - 1 . 8 1 0 . 2 2 0 . 5 6 - 0 . 0 8
X P 6 3 / S 9 0 . 4 2 - 0 . 2 3 - 1 . 7 3 0 . 0 6 0 . 2 7 - 0 . 1 1
X P 6 3 / S 3 0 . 2 8 0 . 3 3 - 1 . 7 6 0 . 3 1 - 0 . 4 7 0 . 1 2
X P 6 3 / S 5 0 . 4 7 - 0 . 4 0 - 1 . 8 1 0 . 0 1 - 0 . 3 6 0 . 1 1
X P 6 3 / A 1 - 3 . 8 3 - 2 . 2 0 0 . 3 2 - 0 . 8 1 0 . 0 4 0 . 0 7
X P 6 3 / B 2 1 . 9 2 - 2 . 7 8 2 . 6 2 0 . 5 3 0 . 1 0 0 . 1 5
X P 6 3 / C 1 1 . 6 2 0 . 4 6 0 . 8 4 - 0 . 3 1 - 0 . 2 1 - 0 . 3 1
X P 6 3 / C 2 0 . 9 1 - 0 . 1 6 1 . 3 5 - 0 . 2 7 - 0 . 2 3 - 0 . 1 0
X P 6 3 / D 2 1 . 5 3 3 . 6 3 0 . 7 4 - 0 . 4 9 0 . 2 9 0 . 2 1
X P 6 3 / E 5 - 3 . 7 6 2 . 3 0 1 . 2 4 0 . 7 5 0 . 0 0 - 0 . 0 7
scores S p e c i m e n PC01 PC02 PC03 PC04 PC05 PC06
normalised X P 6 3 / S 6 0 . 2 1 - 0 . 5 0 - 1 . 1 0 0 . 4 6 1 . 7 6 - 0 . 5 0
X P 6 3 / S 9 0 . 2 0 - 0 . 1 2 - 1 . 0 6 0 . 1 3 0 . 8 3 - 0 . 6 6
X P 6 3 / S 3 0 . 1 4 0 . 1 7 - 1 . 0 7 0 . 6 5 - 1 . 4 5 0 . 7 5
X P 6 3 / S 5 0 . 2 2 - 0 . 2 1 - 1 . 1 0 0 . 0 2 - 1 . 1 1 0 . 7 1
X P 6 3 / A 1 - 1 . 8 4 - 1 . 1 6 0 . 1 9 - 1 . 6 8 0 . 1 3 0 . 4 7
X P 6 3 / B 2 0 . 9 2 - 1 . 4 6 1 . 6 0 1 . 1 1 0 . 3 3 0 . 9 3
X P 6 3 / C 1 0 . 7 8 0 . 2 4 0 . 5 1 - 0 . 6 5 - 0 . 6 7 - 1 . 9 5
X P 6 3 / C 2 0 . 4 4 - 0 . 0 8 0 . 8 2 - 0 . 5 7 - 0 . 7 0 - 0 . 6 3
X P 6 3 / D 2 0 . 7 4 1 . 9 1 0 . 4 5 - 1 . 0 3 0 . 9 0 1 . 3 3
X P 6 3 / E 5 - 1 . 8 1 1 . 2 1 0 . 7 6 1 . 5 7 0 . 0 0 - 0 . 4 4
loadings V a r i a b l e PC01 PC02 PC03 PC04 PC05 PC06
M g O 0 . 4 6 - 0 . 6 3 0 . 6 2 0 . 0 2 0 . 0 0 0 . 0 6
A I 2O 3 - 0 . 9 5 - 0 . 2 9 0 . 0 6 0 . 1 0 0 . 0 0 0 . 0 1
S i 0 2 - 0 . 9 3 - 0 . 3 3 0 . 0 7 0 . 1 2 0 . 0 1 0 . 0 0
P 2O 5 0 . 5 1 - 0 . 7 2 - 0 . 4 5 0 . 1 4 - 0 . 0 5 0 . 0 5
« 2 0 - 0 . 4 0 - 0 . 7 1 - 0 . 4 3 - 0 . 3 7 - 0 . 0 9 0 . 0 4
C a O 0 . 4 6 - 0 . 5 5 0 . 6 8 - 0 . 1 1 - 0 . 0 2 - 0 . 1 0
T i 0 2 - 0 . 9 5 - 0 . 2 9 0 . 1 3 0 . 0 5 0 . 0 1 0 . 0 1
M n O 0 . 3 4 - 0 . 5 8 - 0 . 7 1 0 . 1 6 - 0 . 1 5 - 0 . 0 6
F e O 0 . 6 2 0 . 6 9 - 0 . 3 7 - 0 . 0 2 0 . 0 0 0 . 0 4
S r O 0 . 5 2 - 0 . 5 6 0 . 6 5 0 . 0 7 0 . 0 1 0 . 0 4
B a O 0 . 2 6 - 0 . 7 1 - 0 . 6 0 - 0 . 0 2 0 . 2 6 - 0 . 0 2
PC01 PC02 PC03 PC04 PC05 PC06
E i g e n v a l u e s 4 . 3 3 3 . 6 1 2 . 6 9 0 . 2 3 0 . 1 0 0 . 0 3
%  v a r i a t i o n 3 9 . 3 8 3 2 . 8 5 2 4 . 4 6 2 . 0 8 0 . 9 4 0 . 2 3
C u m u l a t i v e  % 3 9 . 3 8 7 2 . 2 3 9 6 . 6 9 9 8 . 7 7 9 9 . 7 1 9 9 . 9 3
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Table B.3: Abridged PCA report for XP93, XP94, and XP95 slag chemistry (99.97% of variation 
explained)___________________________________________________________________________________
scores S p e c i m e n PC01 PC02 PC03 PC04 PC05 PC06
original X P 9 3 - B 2.02 0 . 5 6 - 0 . 9 8 0 . 7 5 - 0 . 2 6 - 0 . 0 5
X P 9 3 - F R T 3 . 0 1 1 . 6 4 0 . 1 1 0 . 1 2 0 . 1 8 0 . 0 4
X P 9 3 - T 2 . 9 1 1 . 1 7 - 0 . 5 7 - 0 . 5 9 - 0 . 1 4 0 . 1 0
X P 9 3 - T 3 . 0 4 1 . 6 5 0 . 1 1 - 0 . 1 4 0 . 1 8 - 0 . 1 0
X P 9 4 - B - 2 0 . 0 5 - 2 . 6 7 0 . 4 5 0 . 2 3 0 . 0 0 - 0 . 0 4
X P 9 4 - T - 1 0 . 0 5 - 2 . 5 4 0 . 3 5 - 0 . 1 6 0 . 0 1 0 . 1 9
X P 9 4 - T - 2 0 . 1 0 - 2 . 6 9 0 . 3 2 - 0 . 4 1 - 0 . 0 2 - 0 . 2 1
X P 9 4 - T - 3 - 0 . 0 5 - 2 . 7 6 0 . 3 0 0 . 2 6 - 0 . 0 5 0 . 0 6
X P 9 5 - B - 1 - 3 . 5 7 - 0 . 1 6 - 2 . 3 1 - 0 . 1 1 0 . 2 7 - 0 . 0 1
X P 9 5 - B - 2 - 2 . 9 2 2 . 0 1 0 . 3 4 - 0 . 0 7 - 0 . 5 6 0 . 0 5
X P 9 5 - T - 1 - 2 . 2 2 1 . 9 0 1 . 0 6 0 . 2 1 0 . 5 0 0 . 0 6
X P 9 5 - T - 2 - 2 . 4 3 1 . 8 9 0 . 8 2 - 0 . 0 7 - 0 . 1 1 - 0 . 1 0
scores S p e c i m e n PC01 PC02 PC03 PC04 PC05 PC06
normalised X P 9 3 - B 0 . 8 5 0 . 2 7 - 1 . 0 8 2 . 1 6 - 0 . 9 7 - 0 . 4 3
X P 9 3 - F R T 1 . 2 6 0 . 7 9 0 . 1 2 0 . 3 3 0 . 6 7 0 . 3 4
X P 9 3 - T 1 . 2 2 0 . 5 7 - 0 . 6 3 - 1 . 7 1 - 0 . 5 3 0 . 9 7
X P 9 3 - T 1 . 2 7 0 . 8 0 0 . 1 2 - 0 . 3 9 0 . 6 7 - 0 . 9 6
X P 9 4 - B - 2 0 . 0 2 - 1 . 3 0 0 . 5 0 0 . 6 5 0 . 0 2 - 0 . 3 4
X P 9 4 - T - 1 0 . 0 2 - 1 . 2 3 0 . 3 8 - 0 . 4 6 0 . 0 5 1 . 8 1
X P 9 4 - T - 2 0 . 0 4 - 1 . 3 0 0 . 3 5 - 1 . 1 8 - 0 . 0 6 - 1 . 9 2
X P 9 4 - T - 3 - 0 . 0 2 - 1 . 3 4 0 . 3 3 0 . 7 4 - 0 . 2 0 0 . 5 6
X P 9 5 - B - 1 - 1 . 4 9 - 0 . 0 8 - 2 . 5 4 - 0 . 3 3 0 . 9 8 - 0 . 0 9
X P 9 5 - B - 2 - 1 . 2 2 0 . 9 8 0 . 3 7 - 0 . 2 1 - 2 . 0 6 0 . 4 5
X P 9 5 - T - 1 - 0 . 9 3 0 . 9 2 1 . 1 7 0 . 6 0 1 . 8 5 0 . 5 6
X P 9 5 - T - 2 - 1 . 0 1 0 . 9 2 0 . 9 0 - 0 . 2 1 - 0 . 4 2 - 0 . 9 5
loadings V a r i a b l e PC01 PC02 PC03 PC04 PC05 PC06
M g O 0 . 2 7 - 0 . 9 5 - 0 . 0 1 - 0 . 1 4 - 0 . 0 7 - 0 . 0 7
A I 2O 3 - 0 . 1 7 - 0 . 9 4 0 . 0 6 0 . 2 6 - 0 . 1 0 0 . 0 1
S i 0 2 - 0 . 9 5 0 . 2 6 - 0 . 1 4 - 0 . 0 4 - 0 . 1 1 - 0 . 0 1
P 2O 5 - 0 . 8 6 0 . 5 0 0 . 0 4 - 0 . 0 2 0 . 0 4 0 . 0 0
K 2 0 - 0 . 5 4 - 0 . 7 1 - 0 . 3 9 0 . 0 8 0 . 1 8 - 0 . 0 3
C a O - 0 . 1 2 - 0 . 9 1 - 0 . 3 5 - 0 . 1 5 - 0 . 0 1 0 . 0 7
T i 0 2 0 . 8 8 0 . 3 9 - 0 . 2 6 0 . 0 6 - 0 . 0 2 - 0 . 0 1
M n O - 0 . 8 7 0 . 4 9 - 0 . 0 8 0 . 0 0 0 . 0 2 0 . 0 0
F e O 0 . 8 1 - 0 . 3 3 0 . 4 8 - 0 . 0 3 0 . 1 0 0 . 0 1
S r O 0 . 9 0 0 . 2 5 - 0 . 3 6 0 . 0 1 - 0 . 0 2 0 . 0 1
B a O 0 . 8 2 0 . 4 8 - 0 . 3 0 0 . 0 3 0 . 0 1 - 0 . 0 1
PC01 PC02 PC03 PC04 PC05 PC06
E i g e n v a l u e s 5 . 7 2 4 . 2 5 0.82 0 . 1 2 0.07 0 . 0 1
%  V a r i a t i o n 5 1 . 9 8 3 8 . 6 2 7.50 1 . 1 0 0 . 6 7 0 . 1 0
C u m u l a t i v e  % 5 1 . 9 8 9 0 . 6 0 9 8 . 1 0 9 9 . 2 0 9 9 . 8 6 9 9 . 9 7
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Table B.4: Selected oxide concentrations for XP27, XP29, XP30, XP41, XP45, XP50, XP90, XP91, 
XP92, XP95 smelting slag. XRF analyses conducted by Vincent Serneels for XP27-XP50. (P)ED-XRF 
analyses conducted by Tom Stanway for XP90 and XP91. Remaining (P)ED-XRF analyses conducted by 
the author
Elem ent MgO a i2o 3 Si02 P 2 O 5 k2o CaO T i0 2 MnO FeO SrO BaO
X P 2 7 - 0 4 1 0 . 8 5 7 . 7 2 7 . 6 2 . 4 8 1 . 6 4 6 . 1 8 0 . 4 3 6 . 3 7 4 4 . 7 0 . 0 1 4 0 . 1 9 7
X P 2 7 - 0 4 2 0 . 7 7 6 . 4 2 3 . 8 2 . 2 7 1 . 1 8 4 . 8 3 0 . 3 4 6 . 4 0 5 2 . 4 0 . 0 1 1 0 . 1 7 2
X P 2 7 - 0 5 0 . 8 0 6 . 2 2 4 . 0 2 . 2 5 1 . 2 3 4 . 9 3 0 . 3 4 6 . 0 1 5 3 . 7 0 . 0 1 1 0 . 1 6 8
X P 2 7 - 0 6 1 0 . 8 7 6 . 2 2 4 . 1 1 . 9 6 1 . 0 8 4 . 2 6 0 . 3 6 6 . 1 1 5 3 . 7 0 . 0 1 0 0 . 1 5 2
X P 2 7 - 0 6 2 0 . 7 7 5 . 5 2 0 . 4 2 . 4 5 1 . 1 3 4 . 9 2 0 . 3 1 4 . 7 8 5 7 . 8 0 . 0 1 1 0 . 1 6 2
X P 2 7 - 0 6 3 0 . 9 4 5 . 6 2 3 . 3 1 . 8 0 1 . 1 0 4 . 0 1 0 . 3 2 5 . 6 0 5 8 . 5 0 . 0 1 0 0 . 1 4 0
X P 2 7 - 0 7 1 . 0 0 7 . 6 2 7 . 2 2 . 5 6 1 . 9 1 6 . 7 0 0 . 4 2 6 . 3 6 4 5 . 4 0 . 0 1 6 0 . 2 0 3
X P 2 9 - 0 1 1 1 . 0 8 7 . 0 3 2 . 8 1 . 7 6 2 . 2 9 7 . 3 1 0 . 3 7 3 . 5 9 4 1 . 8 0 . 0 1 9 0 . 1 6 9
X P 3 0 - 0 1 1 . 1 9 6 . 8 2 8 . 2 1 . 7 8 2 . 0 6 6 . 4 4 0 . 4 0 2 . 1 1 4 9 . 7 0 . 0 1 8 0 . 1 2 8
X P 3 0 - 0 2 0 . 9 0 6 . 2 2 5 . 8 2 . 0 0 1 . 7 5 5 . 8 1 0 . 3 4 2 . 1 6 5 2 . 9 0 . 0 1 5 0 . 1 2 8
X P 4 1 - 0 2 1 0 . 7 4 5 . 9 2 7 . 7 2 . 0 1 1 . 4 9 6 . 6 8 0 . 3 3 3 . 6 5 4 9 . 1 0 . 0 1 1 0 . 1 5 5
X P 4 1 - 0 2 2 0 . 6 7 5 . 6 2 7 . 1 2 . 1 5 1 . 2 6 5 . 9 4 0 . 3 3 3 . 8 3 5 0 . 6 0 . 0 1 0 0 . 1 6 5
X P 4 1 - 0 2 3 0 . 7 1 5 . 3 2 5 . 4 2 . 1 2 1 . 6 2 7 . 9 7 0 . 2 9 3 . 7 6 5 0 . 8 0 . 0 1 2 0 . 1 5 2
X P 4 5 - 0 2 0 . 6 4 5 . 2 2 3 . 0 2 . 0 5 1 . 1 6 5 . 8 6 0 . 3 1 3 . 5 8 5 6 . 2 0 . 0 0 9 0 . 1 4 1
X P 4 5 - 0 3 1 0 . 5 5 4 . 7 2 2 . 1 2 . 2 6 1 . 1 1 5 . 8 2 0 . 2 4 3 . 7 5 5 6 . 6 0 . 0 0 9 0 . 1 4 8
X P 4 5 - 0 3 2 0 . 5 3 3 . 6 1 6 . 8 2 . 4 1 1 . 4 7 6 . 8 6 0 . 1 9 3 . 6 7 5 9 . 9 0 . 0 1 0 0 . 1 3 9
X P 4 5 - 0 4 0 . 6 1 4 . 6 2 3 . 3 2 . 6 1 1 . 5 0 7 . 8 5 0 . 3 0 4 . 1 0 5 1 . 4 0 . 0 1 2 0 . 1 6 6
X P 5 0 - 0 1 1 0 . 5 1 4 . 7 2 8 . 2 2 . 3 0 1 . 2 7 5 . 8 3 0 . 2 5 3 . 8 9 5 0 . 7 0 . 0 1 0 0 . 1 7 2
X P 5 0 - 0 1 2 0 . 5 3 4 . 4 2 6 . 8 2 . 2 4 1 . 2 4 6 . 0 5 0 . 2 3 3 . 7 9 5 1 . 1 0 . 0 1 0 0 . 1 6 8
X P 5 0 - F - 1 0 . 6 0 6 . 9 3 4 . 1 1 . 9 6 1 . 4 9 7 . 9 7 0 . 2 3 3 . 2 8 3 8 . 6 0 . 0 1 5 0 . 2 4 2
X P 5 0 - F - 2 0 . 6 2 7 . 1 3 3 . 7 2 . 1 5 1 . 7 1 8 . 4 2 0 . 1 9 3 . 0 1 4 0 . 6 0 . 0 1 6 0 . 2 3 5
X P 5 0 - F - 3 0 . 4 4 6 . 7 3 3 . 0 2 . 3 2 1 . 8 0 7 . 6 0 0 . 1 6 3 . 4 0 4 1 . 8 0 . 0 1 3 0 . 2 5 8
X P 9 0 - B 2 0 . 6 8 1 3 . 0 3 6 . 7 0 . 1 5 2 . 7 0 1 1 . 9 8 0 . 6 3 1 1 . 9 5 2 0 . 7 0 . 0 6 8 0 . 1 7 3
X P 9 0 - B 3 1 . 1 7 1 2 . 1 3 9 . 5 0 . 1 8 3 . 0 0 1 8 . 2 0 0 . 4 5 7 . 6 0 1 6 . 5 0 . 1 0 4 0 . 1 8 6
X P 9 0 - F 1 0 . 8 0 9 . 7 3 4 . 3 0 . 1 3 2 . 1 6 1 0 . 4 7 0 . 6 2 1 2 . 1 7 2 8 . 2 0 . 0 5 5 0 . 1 6 6
X P 9 0 - F 2 1 . 0 5 1 0 . 2 3 2 . 7 0 . 2 0 2 . 0 1 1 5 . 4 3 0 . 6 0 1 2 . 0 5 2 4 . 3 0 . 0 7 7 0 . 1 7 2
X P 9 0 - F 3 0 . 8 2 1 0 . 3 3 1 . 3 0 . 2 3 2 . 3 8 1 3 . 5 8 0 . 5 7 1 0 . 6 8 2 8 . 5 0 . 0 7 1 0 . 1 4 4
X P 9 0 - F 4 0 . 8 2 1 0 . 0 2 9 . 2 0 . 2 8 4 . 0 1 1 0 . 9 2 0 . 5 3 1 4 . 1 2 2 8 . 3 0 . 0 5 7 0 . 1 0 3
X P 9 0 - R 1 0 . 6 4 8 . 5 2 8 . 9 0 . 1 7 1 . 9 2 1 0 . 2 3 0 . 5 1 1 0 . 6 8 3 7 . 0 0 . 0 5 5 0 . 1 4 7
X P 9 0 - R 4 0 . 4 7 7 . 0 2 1 . 8 0 . 2 3 2 . 4 0 8 . 2 7 0 . 3 4 7 . 8 6 5 0 . 4 0 . 0 4 1 0 . 0 8 5
X P 9 1 - B 1 0 . 5 6 8 . 8 2 4 . 2 0 . 3 5 2 . 7 6 8 . 0 7 0 . 4 2 6 . 2 8 4 7 . 6 0 . 0 3 6 0 . 0 6 4
X P 9 1 - B 2 0 . 4 4 8 . 7 2 5 . 2 0 . 2 6 2 . 4 9 7 . 2 2 0 . 5 4 9 . 7 4 4 3 . 8 0 . 0 4 0 0 . 1 3 9
X P 9 1 - B 3 0 . 7 2 8 . 4 2 6 . 1 0 . 2 8 2 . 6 8 1 1 . 5 7 0 . 5 5 9 . 9 2 3 8 . 2 0 . 0 6 0 0 . 1 4 4
X P 9 1 - F 1 0 . 4 5 7 . 9 2 4 . 0 0 . 1 8 2 . 2 6 6 . 7 2 0 . 5 0 1 0 . 0 7 4 6 . 8 0 . 0 3 7 0 . 1 4 7
X P 9 1 - F 2 0 . 5 7 7 . 5 2 4 . 1 0 . 2 3 2 . 2 9 8 . 9 8 0 . 4 9 9 . 6 5 4 4 . 8 0 . 0 4 8 0 . 1 4 6
X P 9 1 - F 3 0 . 4 7 1 2 . 0 3 2 . 5 0 . 1 8 2 . 7 3 6 . 1 7 0 . 7 1 1 3 . 5 2 3 0 . 3 0 . 0 3 3 0 . 1 9 8
X P 9 2 - S 1 0 . 9 0 1 1 . 7 4 2 . 2 0 . 0 0 2 . 3 9 6 . 3 9 0 . 9 0 1 9 . 1 4 1 4 . 6 0 . 0 3 9 0 . 2 8 1
X P 9 2 - S 2 0 . 8 3 1 2 . 6 4 4 . 2 0 . 0 0 2 . 5 3 7 . 1 5 0 . 8 9 1 9 . 2 7 1 0 . 7 0 . 0 4 3 0 . 2 8 7
X P 9 2 - S 3 a 1 . 0 1 1 3 . 5 4 3 . 9 0 . 0 0 2 . 5 7 7 . 9 1 0 . 8 8 1 4 . 5 5 1 4 . 2 0 . 0 4 7 0 . 2 4 6
X P 9 2 - S 3 b 0 . 9 0 1 2 . 2 4 3 . 2 0 . 0 0 2 . 4 8 6 . 7 5 0 . 9 0 1 8 . 9 6 1 2 . 7 0 . 0 4 1 0 . 2 8 6
X P 9 2 - S 4 a 0 . 9 7 1 2 . 0 3 8 . 4 0 . 0 1 2 . 0 1 1 0 . 5 0 0 . 8 0 2 3 . 5 5 1 0 . 0 0 . 0 6 2 0 . 3 1 6
X P 9 2 - S 4 b 1 . 5 4 1 0 . 4 4 2 . 6 0 . 0 7 1 . 6 3 1 8 . 8 8 0 . 6 8 1 5 . 4 7 7 . 6 0 . 0 9 7 0 . 2 2 1
X P 9 2 - S 5 a 0 . 8 8 1 2 . 8 4 4 . 3 0 . 0 0 2 . 4 0 6 . 5 8 0 . 9 2 1 7 . 9 4 1 2 . 3 0 . 0 3 9 0 . 2 7 2
X P 9 2 - S 5 b 0 . 8 9 1 3 . 0 4 4 . 8 0 . 0 0 2 . 7 7 8 . 8 5 0 . 8 7 1 6 . 3 5 1 0 . 9 0 . 0 5 3 0 . 2 5 2
X P 9 2 - S 5 C 1 . 3 3 1 0 . 9 3 9 . 3 0 . 0 1 1 . 8 6 1 5 . 3 1 0 . 7 7 2 0 . 9 2 7 . 9 0 . 0 8 6 0 . 2 8 8
X P 9 2 - S 6 B a 1 . 2 5 1 1 . 8 4 0 . 5 0 . 0 1 1 . 9 1 1 4 . 6 1 0 . 7 6 1 9 . 3 5 8 . 0 0 . 0 8 0 0 . 2 7 1
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E l e m e n t M g O A l 2 0 3 S i O z P 2 O 5 K z O C a O T i O z M n O F e O S r O B a O
X P 9 2 - S 6 B b 1 . 1 2 1 1 . 8 3 9 . 1 0 . 0 0 1 . 9 8 1 2 . 9 4 0 . 7 8 2 1 . 4 4 9 . 2 0 . 0 7 3 0 . 2 6 0
X P 9 2 - S 6 S a 0 . 7 3 1 3 . 3 4 4 . 5 0 . 0 0 2 . 6 9 6 . 5 7 0 . 9 0 1 9 . 5 7 9 . 7 0 . 0 4 1 0 . 2 8 6
X P 9 2 - S 6 S b 1 . 1 3 1 3 . 1 4 5 . 9 0 . 0 0 3 . 0 7 9 . 8 5 0 . 9 1 1 8 . 5 0 5 . 7 0 . 0 5 9 0 . 2 6 8
X P 9 5 - B - 1 0 . 5 8 5 . 1 3 5 . 1 1 . 9 3 2 . 0 7 8 . 5 9 0 . 2 0 4 . 2 2 4 0 . 7 0 . 0 4 3 0 . 5 6 4
X P 9 5 - B - 2 0 . 4 1 4 . 5 3 4 . 7 2 . 1 8 1 . 1 4 6 . 0 6 0 . 1 7 4 . 2 2 4 5 . 5 0 . 0 2 5 0 . 2 1 5
X P 9 5 - T - 1 0 . 3 5 4 . 4 3 0 . 6 2 . 1 5 1 . 2 6 5 . 5 4 0 . 1 8 3 . 8 1 5 0 . 7 0 . 0 2 2 0 . 2 5 6
X P 9 5 - T - 2 0 . 4 3 4 . 4 3 2 . 6 2 . 1 5 1 . 1 6 5 . 7 2 0 . 1 7 3 . 7 7 4 8 . 5 0 . 0 2 3 0 . 2 2 8
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Table B.5: Abridged PCA report for experimental slag chemistries listed in Table B.5 (98.47 % of 
variation explained)_____________________________________________________________________
scores
original
S p e c i m e n  PC01 PC02 PC03 PC04 PC05 PC06
X P 2 7 - 0 4 1 - 1 . 6 0 - 0 . 5 1 0 . 2 2 0 . 7 8 0 . 4 5 0 . 1 6
X P 2 7 - 0 4 2 - 2 . 5 7 - 0 . 3 4 0 . 1 5 0 . 9 0 - 0 . 2 7 0 . 2 3
X P 2 7 - 0 5 - 2 . 5 6 - 0 . 2 5 0 . 1 9 0 . 9 3 - 0 . 1 7 0 . 2 6
X P 2 7 - 0 6 1 - 2 . 5 4 - 0 . 1 9 0 . 1 8 1 . 3 2 - 0 . 3 2 0 . 1 9
X P 2 7 - 0 6 2 - 3 . 1 1 - 0 . 0 6 0 . 3 1 0 . 8 7 - 0 . 2 8 0 . 4 6
X P 2 7 - 0 6 3 - 2 . 7 3 0 . 0 5 0 . 2 9 1 . 4 8 - 0 . 2 3 0 . 3 5
X P 2 7 - 0 7 - 1 . 3 5 - 0 . 3 3 0 . 4 8 0 . 9 1 0 . 9 3 0 . 5 1
X P 2 9 - 0 1 1 - 0 . 8 7 0 . 1 6 0 . 4 5 0 . 7 1 1 . 5 3 - 0 . 0 3
X P 3 0 - 0 1 - 1 . 4 4 0 . 6 7 0 . 5 7 1 . 4 0 1 . 4 0 0 . 2 1
X P 3 0 - 0 2 - 2 . 2 7 0 . 4 9 0 . 1 9 0 . 8 8 0 . 7 1 0 . 0 2
X P 4 1 - 0 2 1 - 2 . 2 7 0 . 0 0 0 . 2 2 0 . 4 4 0 . 2 0 - 0 . 2 6
X P 4 1 - 0 2 2 - 2 . 5 9 - 0 . 2 7 0 . 1 4 0 . 4 0 - 0 . 1 2 - 0 . 2 8
X P 4 1 - 0 2 3 - 2 . 4 2 0 . 3 3 0 . 3 5 0 . 1 2 0 . 2 1 - 0 . 0 5
X P 4 5 - 0 2 - 3 . 0 5 0 . 1 6 0 . 0 7 0 . 4 7 - 0 . 4 1 - 0 . 0 6
X P 4 5 - 0 3 1 - 3 . 4 1 0 . 0 6 0 . 0 8 0 . 1 7 - 0 . 5 3 - 0 . 0 6
X P 4 5 - 0 3 2 - 3 . 7 3 0 . 6 7 0 . 0 9 - 0 . 1 7 - 0 . 3 3 0 . 5 2
X P 4 5 - 0 4 - 2 . 8 4 0 . 1 0 0 . 3 9 - 0 . 0 5 - 0 . 0 1 0 . 0 9
X P 5 0 - 0 1 1 - 2 . 9 4 - 0 . 4 5 0 . 0 0 - 0 . 1 5 - 0 . 2 4 - 0 . 4 6
X P 5 0 - 0 1 2 - 3 . 0 4 - 0 . 3 0 0 . 1 1 - 0 . 1 4 - 0 . 3 0 - 0 . 3 5
X P 5 0 - F - 1 - 1 . 6 5 - 1 . 0 1 0 . 4 5 - 0 . 6 8 0 . 3 0 - 0 . 6 9
X P 5 0 - F - 2 - 1 . 6 6 - 0 . 7 7 0 . 4 9 - 0 . 7 8 0 . 6 1 - 0 . 6 1
X P 5 0 - F - 3 - 2 . 0 1 - 1 . 0 8 0 . 0 5 - 1 . 2 6 0 . 5 3 - 0 . 5 0
X P 9 0 - B 2 2 . 5 1 0 . 9 8 - 0 . 5 1 - 0 . 8 3 0 . 0 9 - 0 . 6 5
X P 9 0 - B 3 3 . 6 0 2 . 0 0 2 . 0 1 - 1 . 2 8 1 . 2 0 - 0 . 4 7
X P 9 0 - F 1 1 . 4 9 0 . 7 3 - 0 . 1 1 - 0 . 0 8 - 0 . 3 8 - 0 . 2 9
X P 9 0 - F 2 2 . 3 1 1 . 4 3 1 . 4 9 - 0 . 2 1 - 0 . 4 3 - 0 . 0 9
X P 9 0 - F 3 1 . 7 4 1 . 6 7 0 . 4 3 - 0 . 5 7 - 0 . 2 1 - 0 . 2 1
X P 9 0 - F 4 1 . 9 6 2 . 3 6 - 1 . 2 7 - 0 . 5 7 1 . 3 5 0 . 6 0
X P 9 0 - R 1 0 . 4 2 1 . 1 2 - 0 . 1 8 - 0 . 4 4 - 0 . 8 7 - 0 . 1 3
X P 9 0 - R 4 - 1 . 1 1 2 . 0 3 - 1 . 1 2 - 0 . 7 0 - 0 . 4 4 0 . 2 2
X P 9 1 - B 1 - 0 . 6 6 2 . 1 8 - 1 . 4 2 - 0 . 3 4 0 . 3 1 - 0 . 0 6
X P 9 1 - B 2 - 0 . 2 5 1 . 1 6 - 1 . 6 1 - 0 . 5 9 - 0 . 4 2 0 . 2 6
X P 9 1 - B 3 0 . 7 8 1 . 7 9 - 0 . 2 7 - 0 . 6 9 - 0 . 0 5 0 . 4 9
X P 9 1 - F 1 - 0 . 6 1 1 . 0 2 - 1 . 4 6 - 0 . 5 0 - 0 . 6 9 0 . 4 2
X P 9 1 - F 2 - 0 . 2 4 1 . 3 8 - 0 . 7 3 - 0 . 6 3 - 0 . 5 8 0 . 4 9
X P 9 1 - F 3 1 . 2 4 0 . 0 1 - 2 . 2 3 - 0 . 3 2 - 0 . 1 0 0 . 0 1
X P 9 2 - S 1 3 . 0 3 - 1 . 4 2 - 1 . 1 2 0 . 6 8 - 0 . 1 4 0 . 1 3
X P 9 2 - S 2 3 . 4 0 - 1 . 4 4 - 1 . 2 4 0 . 2 9 - 0 . 0 6 - 0 . 1 2
X P 9 2 - S 3 a 3 . 3 5 - 0 . 7 7 - 0 . 7 7 0 . 7 0 0 . 5 2 - 0 . 3 6
X P 9 2 - S 3 b 3 . 2 6 - 1 . 4 3 - 1 . 1 3 0 . 5 7 - 0 . 0 2 0 . 0 5
X P 9 2 - S 4 a 3 . 6 7 - 1 . 1 3 0 . 1 5 0 . 1 6 - 1 . 0 2 0 . 5 8
X P 9 2 - S 4 b 4 . 2 8 0 . 8 0 3 . 4 3 0 . 4 4 - 0 . 3 6 - 0 . 3 7
X P 9 2 - S 5 a 3 . 2 4 - 1 . 4 2 - 1 . 2 1 0 . 6 7 0 . 0 0 - 0 . 2 5
X P 9 2 - S 5 b 3 . 6 0 - 0 . 7 1 - 0 . 8 9 0 . 1 4 0 . 4 1 - 0 . 3 8
X P 9 2 - S 5 C 4 . 2 8 - 0 . 1 5 2 . 0 6 0 . 3 3 - 0 . 7 5 0 . 5 1
X P 9 2 - S 6 B a 4 . 1 3 - 0 . 1 4 1 . 6 6 0 . 2 9 - 0 . 5 9 0 . 1 1
X P 9 2 - S 6 B b 3 . 8 7 - 0 . 2 4 0 . 9 1 0 . 3 5 - 0 . 8 3 0 . 1 9
X P 9 2 - S 6 S a 3 . 4 5 - 1 . 4 9 - 1 . 7 1 0 . 1 3 0 . 0 0 - 0 . 2 3
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scores S p e c i m e n PC01 PC02 PC03 PC04 PC05 PC06
X P 9 2 - S 6 S b 4 . 4 6 - 0 . 6 6 - 0 . 4 5 0 . 4 6 0 . 8 6 0 . 0 2
X P 9 5 - B - 1 - 0 . 6 2 - 3 . 3 9 1 . 2 6 - 3 . 0 3 0 . 7 9 1 . 7 0
X P 9 5 - B - 2 - 2 . 5 0 - 1 . 0 7 0 . 2 8 - 0 . 9 1 - 0 . 4 2 - 0 . 9 4
X P 9 5 - T - 1 - 2 . 7 7 - 1 . 2 3 0 . 0 4 - 1 . 1 8 - 0 . 4 3 - 0 . 2 7
X P 9 5 - T - 2 - 2 . 6 6 - 1 . 0 8 0 . 2 6 - 0 . 8 8 - 0 . 3 9 - 0 . 6 1
scores S p e c i m e n PC01 PC02 PC03 PC04 PC05 PC06
normalised X P 2 7 - 0 4 1 - 0 . 5 9 - 0 . 4 5 0 . 2 1 0 . 9 6 0 . 7 6 0 . 3 5
X P 2 7 - 0 4 2 - 0 . 9 5 - 0 . 3 0 0 . 1 4 1 . 1 1 - 0 . 4 6 0 . 5 3
X P 2 7 - 0 5 - 0 . 9 5 - 0 . 2 2 0 . 1 9 1 . 1 4 - 0 . 2 8 0 . 5 8
X P 2 7 - 0 6 1 - 0 . 9 4 - 0 . 1 7 0 . 1 8 1 . 6 2 - 0 . 5 4 0 . 4 3
X P 2 7 - 0 6 2 - 1 . 1 6 - 0 . 0 5 0 . 3 0 1 . 0 7 - 0 . 4 7 1 . 0 5
X P 2 7 - 0 6 3 - 1 . 0 1 0 . 0 4 0 . 2 8 1 . 8 1 - 0 . 3 9 0 . 8 0
X P 2 7 - 0 7 - 0 . 5 0 - 0 . 2 9 0 . 4 7 1 . 1 2 1 . 5 6 1 . 1 5
X P 2 9 - 0 1 1 - 0 . 3 2 0 . 1 4 0 . 4 4 0 . 8 7 2 . 5 6 - 0 . 0 7
X P 3 0 - 0 1 - 0 . 5 3 0 . 5 8 0 . 5 5 1 . 7 2 2 . 3 3 0 . 4 8
X P 3 0 - 0 2 - 0 . 8 4 0 . 4 3 0 . 1 9 1 . 0 7 1 . 1 9 0 . 0 5
X P 4 1 - 0 2 1 - 0 . 8 4 0 . 0 0 0 . 2 1 0 . 5 4 0 . 3 3 - 0 . 6 0
X P 4 1 - 0 2 2 - 0 . 9 6 - 0 . 2 4 0 . 1 4 0 . 4 9 - 0 . 2 1 - 0 . 6 3
X P 4 1 - 0 2 3 - 0 . 9 0 0 . 2 9 0 . 3 4 0 . 1 5 0 . 3 5 - 0 . 1 2
X P 4 5 - 0 2 - 1 . 1 3 0 . 1 4 0 . 0 7 0 . 5 8 - 0 . 6 9 - 0 . 1 5
X P 4 5 - 0 3 1 - 1 . 2 7 0 . 0 6 0 . 0 7 0 . 2 0 - 0 . 8 9 - 0 . 1 3
X P 4 5 - 0 3 2 - 1 . 3 9 0 . 5 9 0 . 0 9 - 0 . 2 1 - 0 . 5 5 1 . 1 9
X P 4 5 - 0 4 - 1 . 0 6 0 . 0 9 0 . 3 7 - 0 . 0 6 - 0 . 0 1 0 . 2 1
X P 5 0 - 0 1 1 - 1 . 0 9 - 0 . 4 0 0 . 0 0 - 0 . 1 9 - 0 . 4 0 - 1 . 0 5
X P 5 0 - 0 1 2 - 1 . 1 3 - 0 . 2 7 0 . 1 1 - 0 . 1 7 - 0 . 5 1 - 0 . 8 1
X P 5 0 - F - 1 - 0 . 6 1 - 0 . 8 9 0 . 4 3 - 0 . 8 4 0 . 5 0 - 1 . 5 6
X P 5 0 - F - 2 - 0 . 6 2 - 0 . 6 8 0 . 4 7 - 0 . 9 6 1 . 0 2 - 1 . 3 9
X P 5 0 - F - 3 - 0 . 7 5 - 0 . 9 5 0 . 0 5 - 1 . 5 4 0 . 8 8 - 1 . 1 5
X P 9 0 - B 2 0 . 9 3 0 . 8 6 - 0 . 5 0 - 1 . 0 1 0 . 1 5 - 1 . 4 7
X P 9 0 - B 3 1 . 3 4 1 . 7 5 1 . 9 5 - 1 . 5 7 2 . 0 2 - 1 . 0 6
X P 9 0 - F 1 0 . 5 5 0 . 6 4 - 0 . 1 0 - 0 . 1 0 - 0 . 6 4 - 0 . 6 5
X P 9 0 - F 2 0 . 8 6 1 . 2 6 1 . 4 5 - 0 . 2 6 - 0 . 7 2 - 0 . 2 0
X P 9 0 - F 3 0 . 6 5 1 . 4 6 0 . 4 2 - 0 . 7 0 - 0 . 3 4 - 0 . 4 8
X P 9 0 - F 4 0 . 7 3 2 . 0 7 - 1 . 2 3 - 0 . 7 0 2 . 2 6 1 . 3 6
X P 9 0 - R 1 0 . 1 6 0 . 9 8 - 0 . 1 7 - 0 . 5 3 - 1 . 4 6 - 0 . 2 9
X P 9 0 - R 4 - 0 . 4 1 1 . 7 8 - 1 . 0 8 - 0 . 8 6 - 0 . 7 4 0 . 5 0
X P 9 1 - B 1 - 0 . 2 4 1 . 9 0 - 1 . 3 8 - 0 . 4 2 0 . 5 1 - 0 . 1 5
X P 9 1 - B 2 - 0 . 0 9 1 . 0 2 - 1 . 5 6 - 0 . 7 2 - 0 . 7 0 0 . 5 9
X P 9 1 - B 3 0 . 2 9 1 . 5 7 - 0 . 2 6 - 0 . 8 5 - 0 . 0 9 1 . 1 1
X P 9 1 - F 1 - 0 . 2 2 0 . 8 9 - 1 . 4 2 - 0 . 6 2 - 1 . 1 6 0 . 9 6
X P 9 1 - F 2 - 0 . 0 9 1 . 2 1 - 0 . 7 1 - 0 . 7 7 - 0 . 9 7 1 . 1 1
X P 9 1 - F 3 0 . 4 6 0 . 0 1 - 2 . 1 6 - 0 . 3 9 - 0 . 1 6 0 . 0 3
X P 9 2 - S 1 1 . 1 3 - 1 . 2 4 - 1 . 0 9 0 . 8 3 - 0 . 2 4 0 . 3 0
X P 9 2 - S 2 1 . 2 6 - 1 . 2 6 - 1 . 2 0 0 . 3 6 - 0 . 0 9 - 0 . 2 8
X P 9 2 - S 3 a 1 . 2 4 - 0 . 6 8 - 0 . 7 5 0 . 8 6 0 . 8 7 - 0 . 8 3
X P 9 2 - S 3 b 1 . 2 1 - 1 . 2 5 - 1 . 1 0 0 . 6 9 - 0 . 0 3 0 . 1 2
X P 9 2 - S 4 a 1 . 3 6 - 0 . 9 9 0 . 1 4 0 . 2 0 - 1 . 7 1 1 . 3 2
X P 9 2 - S 4 b 1 . 5 9 0 . 7 0 3 . 3 2 0 . 5 4 - 0 . 6 1 - 0 . 8 5
X P 9 2 - S 5 a 1 . 2 0 - 1 . 2 4 - 1 . 1 8 0 . 8 2 0 . 0 0 - 0 . 5 8
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S p e c i m e n PC01 PC02 PC03 PC04 PC05 PC06
X P 9 2 - S 5 b 1 . 3 4 - 0 . 6 2 - 0 . 8 7 0 . 1 7 0 . 6 9 - 0 . 8 7
X P 9 2 - S 5 C 1 . 5 9 - 0 . 1 4 2 . 0 0 0 . 4 0 - 1 . 2 6 1 . 1 6
X P 9 2 - S 6 B a 1 . 5 3 - 0 . 1 3 1 . 6 1 0 . 3 5 - 0 . 9 9 0 . 2 6
X P 9 2 - S 6 B b 1 . 4 4 - 0 . 2 1 0 . 8 8 0 . 4 2 - 1 . 3 8 0 . 4 3
X P 9 2 - S 6 S a 1 . 2 8 - 1 . 3 0 - 1 . 6 6 0 . 1 6 0 . 0 0 - 0 . 5 2
X P 9 2 - S 6 S b 1 . 6 6 - 0 . 5 8 - 0 . 4 3 0 . 5 7 1 . 4 4 0 . 0 5
X P 9 5 - B - 1 - 0 . 2 3 - 2 . 9 7 1 . 2 2 - 3 . 7 1 1 . 3 2 3 . 8 8
X P 9 5 - B - 2 - 0 . 9 3 - 0 . 9 3 0 . 2 7 - 1 . 1 2 - 0 . 7 0 - 2 . 1 3
X P 9 5 - T - 1 - 1 . 0 3 - 1 . 0 8 0 . 0 4 - 1 . 4 4 - 0 . 7 1 - 0 . 6 0
X P 9 5 - T - 2 - 0 . 9 9 - 0 . 9 4 0 . 2 5 - 1 . 0 8 - 0 . 6 5 - 1 . 3 8
loadings V a r i a b l e PC01 PC02 PC03 PC04 PC05 PC06
M g O 0 . 6 2 0 . 0 6 0 . 5 4 0 . 5 1 0 . 2 2 0 . 1 2
a i 2 o 3 0 . 9 5 0 . 0 1 - 0 . 2 1 0 . 1 0 0 . 0 6 - 0 . 0 8
S i 0 2 0 . 8 4 - 0 . 4 4 0 . 0 5 - 0 . 0 4 0 . 1 3 - 0 . 2 8
p 2 o 5 - 0 . 8 9 - 0 . 2 6 0 . 2 5 0 . 0 8 0 . 1 7 - 0 . 0 3
k 2 o 0 . 7 0 0 . 3 1 - 0 . 4 2 - 0 . 2 2 0 . 4 1 0 . 1 3
C a O 0 . 6 7 0 . 4 0 0 . 5 4 - 0 . 2 8 - 0 . 0 3 - 0 . 0 4
T i 0 2 0 . 9 1 - 0 . 0 7 - 0 . 2 5 0 . 2 8 - 0 . 0 9 0 . 0 4
M n O 0 . 9 1 - 0 . 1 1 - 0 . 1 5 0 . 1 4 - 0 . 2 7 0 . 1 1
F e O - 0 . 9 8 0 . 1 6 - 0 . 0 4 0 . 0 0 0 . 0 0 0 . 1 1
S r O 0 . 8 6 0 . 3 0 0 . 2 8 - 0 . 2 5 - 0 . 1 1 0 . 0 3
B a O 0 . 4 0 - 0 . 8 1 0 . 1 8 - 0 . 3 1 0 . 0 3 0 . 2 1
PC01 PC02 PC03 PC04 PC05 PC06
E i g e n v a l u e s 7 . 2 5 1 . 3 1 1 . 0 6 0 . 6 7 0 . 3 6 0 . 1 9
%  v a r i a t i o n 6 5 . 8 8 1 1 . 8 6 9 . 6 8 6 . 0 5 3 . 2 5 1 . 7 5
C u m u l a t i v e  % 6 5 . 8 8 7 7 . 7 5 8 7 . 4 2 9 3 . 4 7 9 6 . 7 1 9 8 . 4 7
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Table B.6: Normalised Roman and Medieval slag oxides (wt%) 
for the Fe0-Si02-AI203 ternary phase diagram. Values derived 
from data published in Morton and Wingrove (1969; 1972)
S p e c i m e n P e r i o d A I 2 0 j S i 0 2 F e O  +  M n O
R 3 b R o m a n 5 . 5 2 9 . 8 6 4 . 7
R 4 R o m a n 5 . 9 2 7 . 3 6 6 . 8
R 8 R o m a n 7 . 1 2 4 . 9 6 8 . 0
S P R o m a n 6 . 1 3 3 . 6 6 0 . 3
R 1 R o m a n 6 . 3 1 7 . 3 7 6 . 5
R 1 a R o m a n 5 . 6 1 8 . 2 7 6 . 2
R 1 b R o m a n 6 . 9 1 6 . 3 7 6 . 8
1 R o m a n 2 . 1 2 3 . 5 7 4 . 4
2 R o m a n 3 . 9 1 9 . 2 7 6 . 9
3 R o m a n 3 . 4 2 2 . 6 7 4 . 0
4 R o m a n 5 . 1 2 4 . 7 7 0 . 2
5 R o m a n 7 . 1 1 3 . 5 7 9 . 4
6 R o m a n 1 . 5 9 . 0 8 9 . 5
7 R o m a n 1 4 . 1 4 9 . 3 3 6 . 6
8 R o m a n 8 . 1 6 3 . 5 2 8 . 4
9 R o m a n 5 . 7 3 0 . 7 6 3 . 6
1 0 R o m a n 6 . 1 2 3 . 0 7 1 . 0
1 1 R o m a n 8 . 1 7 0 . 7 2 1 . 2
1 2 R o m a n 1 1 . 2 3 0 . 7 5 8 . 1
1 3 R o m a n 2 . 2 1 0 . 0 8 7 . 8
L D 7 M e d i e v a l 8 . 5 3 8 . 4 5 3 . 1
L D 4 M e d i e v a l 6 . 9 3 6 . 1 5 7 . 0
L D 2 0 M e d i e v a l 9 . 4 3 2 . 6 5 8 . 0
L D 1 M e d i e v a l 7 . 5 2 9 . 8 6 2 . 6
L D 5 M e d i e v a l 8 . 3 3 4 . 7 5 7 . 0
L D 1 3 M e d i e v a l 7 . 2 3 9 . 7 5 3 . 1
L D 2 4 M e d i e v a l 7 . 3 3 0 . 7 6 2 . 0
L D 7 M e d i e v a l 4 . 4 1 6 . 3 7 9 . 4
L D 1 7 M e d i e v a l 7 . 0 2 4 . 7 6 8 . 3
L D 1 0 M e d i e v a l 3 . 1 1 8 . 0 7 8 . 9
M e d 1 M e d i e v a l 1 5 . 4 2 7 . 9 5 6 . 7
M e d  2 M e d i e v a l 1 7 . 3 3 1 . 2 5 1 . 5
M e d  3 M e d i e v a l 1 2 . 1 3 6 . 4 5 1 . 5
M e d 4 M e d i e v a l 1 5 . 8 3 2 . 5 5 1 . 7
M e d  5 M e d i e v a l 1 2 . 5 2 5 . 7 6 1 . 8
M e d 6 M e d i e v a l 1 1 . 1 3 0 . 2 5 8 . 7
M e d  7 M e d i e v a l 1 6 . 9 3 1 . 5 5 1 . 6
M e d 8 M e d i e v a l 1 5 . 3 2 5 . 5 5 9 . 2
M e d 9 M e d i e v a l 1 4 . 1 3 0 . 9 5 5 . 0
M e d 1 0 M e d i e v a l 1 6 . 7 3 2 . 8 5 0 . 5
M e d  1 1 M e d i e v a l 1 1 . 6 3 7 . 2 5 1 . 3
M e d  1 2 M e d i e v a l 1 1 . 3 3 0 . 1 5 8 . 6
M e d  1 3 M e d i e v a l 1 1 . 2 3 3 . 7 5 5 . 2
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Appendix C: Crawcwellt West Data and Statistical
Reports__________________________
Table C .l: Crawcwellt West ore chemistry—all values reported as wt%
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Table C.2: Crawcwellt West clay chemistry— all values reported as wt%
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Table C.3: Crawcwellt West slag chemistry—All values reported as wt% 
Corroded slag specimens are shaded; asterisks indicate reclassified slag
i ©
o|V(VI §o
|V
o
in
8
oin co8
tv.
8 i
CO
8
IV
©
in
8
o00 o 3
in
in
O
in
O
in o
o
o
5
O'
o
COuo
O
o d d d o d d d o o o d o d o d o d d d d d d
© 8 o ino © © o o © o o © o o o © o o o o o o 3
o d d d o d o d o o d d d o d o o d d d d d d
8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 © 8 8 8 8 8 8 8
o o d o o o o o o o o d o o o o o d d d d d d
§
§ (VI
o
CM
8 8 §
coOO § i § § § i
tv
oo 8 8 § oo
vO
oo 8o oo oo
CO
o
o o d d o o d d o d d d o d o o d d d d d d d
8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 o
o o O o d o d o o o o o o d d o d d d d d d d
8 8 oo 8 o 8 8 8 o o 8 8 8 oo 8 8 8 oo oo o o 8 oo
o d d d o o d d d o o o d o o o o d d d d d d
o o CM o in in co in co o oo tv °; o NJ o (N fN in TT CM
R s
oo in R £
dsO cooo a a £ 00
cooo 3 ooIV S dCn. dvO
dhv inc-. r^« r-.’
R 8
oovO O'
pi s
h-
CO O'O' ? in
in in ooIN Ooo R
3 Cn. COCO
oo hv
CM
oo
CO
in o rsi co o o o o CO T_ IN d d d N-* O d V T- t— d
oIN
iv
o CM
Iv ’>«■ CO OO ooo
tv IN 8 in o INCM CO 'O § rsi COCNl CO r- 1^ 00
d o O O o o d o o d o d o O d o o d d d d d d
in -o O in coin ?
inTT inIN $ 9
rv
IN
COCO § 5 S
INco CMCO CO
<N
sO
m
n *
oo
in
oin ooo
d o o d d d o o o o d d d d o o d d d d d d
3 in inr^ 8 3 a cmin 8 Sr 'O 8 00 >oCO in s inIN R
h>.
vO uo OO ooin m <N
o o d o o d d o d o d d d d o o d d d d d d CM
IN ? OOCM S ? £ cmn- 8 f5 3 INco 3 8 Cs|CM £ a oo o <N|in CNCO ooCO COo
o d d o d d o o d o o d o O d d o d d d d d d
8 ino tO m CM 8 'OV- >oIN a inCO S
in
m ooIN
inO CO
COfN oCn >oCM
hv
CM 8
o o d d o o d o o o o o d d d o d d d d d d
o o o N; ■«r 00 tv in '£> N" oo tv o IN CO hv o in in in •<-
iv o dCM O'*
in 00 o 00 y~ O' - -
oo N-‘ in oo d d <n vd a
•<r 00 co 00 |V r^ O' co IN tv © tv o N> O ' oo o TT o o
co T" in TT ro xf IN CO co IN CO T" d CO co in in CO in
a inrr inCO $ 'Oco inin a § inCO s O'IN IN'O inCO O'in inIN inIN in coin oCO oOCO o
d o o o d o d o d O o d d d o O O d d d d d
i I
3
Cp
IN
8
COvO
p 9
in
8
9
COoop
in
p
vO
S
r-00o a? § i
CM
S
CO
o
O
in nO Cv oo
oocp
in in —> coo COo in-> in*■» in in“O in —> in—» in —> in—> in"O in —> in —> in —> in —> in-o in in“O in in-o in
u ou uu UO
g 3?uu
g g g g g £uu Uu wu o u u u u o u O U o o o
8o
rs, t-
o  d
298
299
S p e c i m e n C o n t e x t T y p e M g O a i 2 o 3 S i 0 2 P z 0 5 S O j K z O C a O T i O z M n O F e O C u O Z n O S r O Y Z r O z B a O
C C W - 0 3 7 J 5 P C B 0 . 6 8 4 . 6 2 5 . 3 0 . 1 7 0 . 1 9 1 . 1 5 1 . 4 5 0 . 1 6 1 . 0 8 6 4 . 1 0 . 0 1 0 . 0 0 0 . 0 0 8 0 . 0 0 0 . 0 1 0 . 0 5 9
C C W - 0 3 8 J 5 P C B 0 . 0 0 1 . 5 3 . 1 0 . 0 6 0 . 4 0 0 . 0 4 0 . 0 8 0 . 0 1 0 . 8 6 9 3 . 7 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 0 0 . 0 2 0
C C W - 0 3 9 J 5 P C B 0 . 1 1 0 . 8 6 . 1 0 . 0 8 0 . 2 7 0 . 0 3 0 . 2 5 0 . 0 3 3 . 4 8 8 8 . 8 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 0 0 . 0 4 3
C C W - 0 4 0 J 5 P C B 0 . 3 8 2 . 4 1 0 . 5 0 . 0 3 0 . 2 1 0 . 1 7 0 . 3 4 0 . 0 9 1 . 2 7 8 4 . 1 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 6 0
C C W - J 5 - 0 6 8 J 5 U C 0 . 2 3 3 . 9 1 2 . 2 0 . 2 5 0 . 7 8 0 . 1 7 0 . 2 6 0 . 1 3 4 . 1 3 7 7 . 6 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 3 7
C C W - J 5 - 0 6 9 J 5 U C 0 . 1 9 1 . 6 7 . 2 0 . 0 8 0 . 5 2 0 . 0 7 0 . 1 9 0 . 0 5 1 . 6 6 8 8 . 1 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 0 0 . 0 6 7
C C W - J 5 - 0 7 0 J 5 U C 0 . 4 4 3 . 8 1 4 . 9 0 . 1 8 0 . 7 0 0 . 2 4 0 . 4 1 0 . 1 9 6 . 3 1 7 2 . 3 0 . 0 0 0 . 0 0 0 . 0 0 1 0 . 0 0 0 . 0 1 0 . 2 2 0
C C W - J 1 - 0 7 1 J 1 D C 0 . 0 7 3 . 7 1 4 . 2 0 . 0 9 0 . 5 5 0 . 0 4 0 . 1 0 0 . 1 6 2 . 2 6 7 8 . 6 0 . 0 1 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 3 2
C C W - J 1 - 0 7 2 J 1 D C 0 . 3 3 1 . 7 8 . 7 0 . 1 8 0 . 2 0 0 . 2 2 0 . 2 7 0 . 0 7 3 . 0 1 8 5 . 0 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 0 0 . 0 2 8
C C W - J 1 - 0 7 3 J 1 D C 0 . 3 0 1 . 7 9 . 4 0 . 2 3 0 . 1 4 0 . 2 7 0 . 3 3 0 . 0 9 4 . 8 4 8 2 . 4 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 3 0
C C W - J 1 - 0 7 4 J 1 D C 0 . 1 5 5 . 6 1 5 . 5 0 . 7 5 0 . 4 2 0 . 1 6 0 . 3 2 0 . 1 3 1 . 6 1 7 5 . 0 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 2 1
C C W - J  1 - 0 7 5 J 1 D C 0 . 3 6 2 . 1 1 0 . 4 0 . 5 7 0 . 1 6 0 . 3 0 0 . 5 6 0 . 0 8 3 . 5 4 8 1 . 7 0 . 0 0 0 . 0 0 0 . 0 0 2 0 . 0 0 0 . 0 1 0 . 0 3 7
C C W - J  1 - 0 4 9 J 1 F 0 . 5 8 5 . 6 2 1 . 6 0 . 2 4 0 . 2 9 0 . 5 9 0 . 4 5 0 . 1 9 2 . 0 1 6 7 . 8 0 . 0 0 0 . 0 0 0 . 0 0 1 0 . 0 1 0 . 0 1 0 . 0 3 3
C C W - J 1 - 0 7 6 J 1 F 0 . 2 8 9 . 2 1 3 . 1 0 . 5 0 0 . 2 6 0 . 0 1 0 . 1 9 0 . 2 5 6 . 6 1 6 9 . 3 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
C C W - J  1 - 0 7 7 J 1 F 0 . 4 5 6 . 0 1 9 . 2 0 . 1 6 0 . 2 7 0 . 4 4 0 . 4 0 0 . 2 4 5 . 9 0 6 6 . 6 0 . 0 0 0 . 0 0 0 . 0 0 1 0 . 0 0 0 . 0 1 0 . 0 6 0
C C W - J 1 - 0 7 8 J 1 F 0 . 3 2 4 . 5 1 3 . 6 0 . 3 0 0 . 3 7 0 . 1 4 0 . 2 0 0 . 2 5 0 . 6 4 7 9 . 3 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
C C W - J 1 - 0 9 8 J 1 F 0 . 1 2 2 . 4 7 . 2 0 . 2 0 0 . 2 8 0 . 0 3 0 . 1 5 0 . 0 8 9 . 5 1 7 9 . 8 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 1 1 0
C C W - J 1 - 0 9 9 J 1 F 0 . 3 0 2 . 6 1 2 . 5 0 . 2 9 0 . 2 8 0 . 3 2 0 . 3 4 0 . 1 2 4 . 2 2 7 8 . 5 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 4 2
C C W - J 1 - 1 0 0 J 1 F 0 . 2 2 3 . 5 1 5 . 3 0 . 1 8 0 . 2 2 0 . 0 8 0 . 1 2 0 . 1 8 2 . 4 7 7 7 . 5 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
C C W - J 1 - 1 0 1 J 1 F 0 . 0 3 3 . 1 1 3 . 3 1 . 6 9 0 . 3 5 0 . 2 3 0 . 2 6 0 . 1 1 4 . 3 5 7 6 . 1 0 . 0 0 0 . 0 0 0 . 0 0 1 0 . 0 1 0 . 0 1 0 . 0 7 8
C C W - J 1 - 1 0 2 J 1 F 0 . 3 5 4 . 7 1 4 . 8 0 . 1 0 0 . 2 8 0 . 3 4 0 . 5 6 0 . 1 4 1 1 . 8 8 6 6 . 2 0 . 0 0 0 . 0 0 0 . 0 0 6 0 . 0 0 0 . 0 1 0 . 3 4 0
C C W - J 1 - 1 0 4 J 1 F 0 . 4 9 4 . 4 2 2 . 3 0 . 1 9 0 . 3 8 0 . 6 4 0 . 8 3 0 . 2 4 5 . 0 3 6 4 . 8 0 . 0 0 0 . 0 0 0 . 0 0 7 0 . 0 0 0 . 0 1 0 . 0 9 1
C C W - J 1 - 1 0 6 J 1 F 0 . 5 3 5 . 4 2 1 . 8 0 . 1 5 0 . 2 2 0 . 7 0 0 . 5 1 0 . 3 0 9 . 1 3 6 0 . 5 0 . 0 0 0 . 0 0 0 . 0 0 3 0 . 0 0 0 . 0 1 0 . 1 5 0
C C W - J 1 - 1 0 7 J 1 F 0 . 2 6 4 . 9 1 7 . 5 1 . 1 6 0 . 4 2 0 . 5 7 0 . 2 9 0 . 1 5 2 . 8 8 7 1 . 2 0 . 0 0 0 . 0 0 0 . 0 0 1 0 . 0 1 0 . 0 1 0 . 0 5 3
C C W - J 1 - 1 0 8 J 1 F 0 . 5 3 3 . 3 1 6 . 2 0 . 3 4 0 . 1 7 0 . 1 5 0 . 4 4 0 . 1 9 4 . 8 2 7 3 . 4 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 1 0
Table 
C.3: 
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S p e c i m e n C o n t e x t T y p e M g O a i 2 o 3 S i 0 2 p 2 o 5 s o 3 K 2 0 C a O T i 0 2 M n O F e O C u O Z n O S r O Y Z r 0 2 B a O
C C W - J 1 - 1 0 9 J 1 F 0 . 3 6 5 . 4 1 8 . 5 0 . 2 3 0 . 5 1 0 . 4 6 0 . 7 4 0 . 2 8 1 3 . 6 7 5 9 . 4 0 . 0 0 0 . 0 0 0 . 0 0 3 0 . 0 0 0 . 0 1 0 . 1 7 9
C C W - J 1 - 1 1 0 J 1 F 0 . 3 3 5 . 6 1 8 . 2 0 . 2 5 0 . 4 9 0 . 5 8 0 . 6 7 0 . 3 0 1 2 . 8 2 6 0 . 2 0 . 0 0 0 . 0 0 0 . 0 0 5 0 . 0 0 0 . 0 1 0 . 2 2 0
C C W - J 1 - 1 1 1 J 1 F 0 . 4 2 4 . 9 1 7 . 2 0 . 1 2 0 . 3 7 0 . 3 1 0 . 3 5 0 . 2 1 8 . 3 7 6 7 . 5 0 . 0 0 0 . 0 0 0 . 0 0 1 0 . 0 0 0 . 0 1 0 . 1 5 5
C C W - 0 4 5 J 1 F B 0 . 2 0 2 . 8 1 5 . 8 0 . 1 5 0 . 9 8 0 . 2 9 0 . 1 8 0 . 1 5 0 . 8 0 7 8 . 3 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 1 0
C C W - 0 4 6 J 1 F B 0 . 3 4 4 . 5 1 3 . 5 0 . 2 5 0 . 3 0 0 . 1 9 0 . 3 4 0 . 1 6 0 . 7 6 7 9 . 4 0 . 0 1 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
C C W - J 1 - 0 4 7 J 1 F B * 0 . 3 5 6 . 4 2 4 . 4 0 . 1 4 1 . 1 6 0 . 5 8 0 . 2 8 0 . 2 7 7 . 5 7 5 8 . 3 0 . 0 0 0 . 0 0 0 . 0 0 3 0 . 0 0 0 . 0 1 0 . 2 0 2
C C W - 0 4 2 J 1 P C B 0 . 3 8 1 . 8 8 . 2 0 . 0 9 0 . 1 4 0 . 2 9 0 . 3 5 0 . 0 4 1 . 2 1 8 7 . 2 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 0 0 . 0 1 5
C C W - 0 4 3 J 1 P C B 0 . 2 7 4 . 0 1 5 . 3 0 . 1 6 0 . 5 0 0 . 1 9 0 . 6 1 0 . 1 7 8 . 6 5 6 9 . 6 0 . 0 0 0 . 0 0 0 . 0 0 3 0 . 0 0 0 . 0 1 0 . 2 1 3
C C W - J 1 - 0 4 4 J 1 P C B 0 . 2 2 2 . 1 9 . 3 0 . 1 8 0 . 3 4 0 . 0 9 0 . 1 7 0 . 0 7 1 . 7 9 8 5 . 5 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 4 0
C C W - 0 1 5 A D C 0 . 4 4 3 . 7 1 6 . 1 0 . 2 0 0 . 3 5 0 . 5 4 0 . 4 7 0 . 1 2 6 . 0 4 7 1 . 2 0 . 0 0 0 . 0 0 0 . 0 0 3 0 . 0 0 0 . 0 1 0 . 2 6 4
C C W - A - 0 3 3 A D C 0 . 4 1 1 . 7 1 0 . 7 0 . 0 9 0 . 1 1 0 . 4 1 0 . 5 5 0 . 0 8 1 . 5 2 8 3 . 8 0 . 0 1 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 2 9
C C W - A - 0 3 8 A D C 0 . 1 9 2 . 6 1 1 . 7 0 . 2 5 0 . 5 3 0 . 3 6 0 . 5 4 0 . 0 5 6 . 2 9 7 6 . 9 0 . 0 0 0 . 0 0 0 . 0 0 4 0 . 0 0 0 . 0 0 0 . 3 1 1
C C W - A - 0 4 4 A D C * 0 . 6 5 5 . 5 2 0 . 2 0 . 3 0 0 . 2 4 0 . 8 5 1 . 0 5 0 . 1 9 2 . 4 2 6 7 . 9 0 . 0 0 0 . 0 0 0 . 0 0 6 0 . 0 0 0 . 0 1 0 . 0 3 7
C C W - A - 0 2 2 A F 0 . 4 2 4 . 0 1 3 . 6 0 . 1 3 1 . 0 1 0 . 1 1 0 . 4 0 0 . 2 1 1 0 . 4 6 6 9 . 5 0 . 0 0 0 . 0 0 0 . 0 0 1 0 . 0 0 0 . 0 1 0 . 1 4 9
C C W - A - 0 2 3 A F 0 . 4 4 3 . 4 1 2 . 8 0 . 0 7 0 . 4 0 0 . 2 6 0 . 4 5 0 . 1 6 1 0 . 1 7 7 1 . 6 0 . 0 0 0 . 0 0 0 . 0 0 2 0 . 0 0 0 . 0 1 0 . 1 1 0
C C W - A - 0 2 8 A F * 0 . 8 2 6 . 9 2 1 . 8 0 . 2 9 0 . 3 6 0 . 8 6 1 . 1 7 0 . 2 5 1 . 1 4 6 5 . 5 0 . 0 0 0 . 0 0 0 . 0 0 6 0 . 0 0 0 . 0 1 0 . 0 3 2
C C W - 0 0 2 A F B * 0 . 2 4 2 . 8 9 . 5 0 . 3 2 0 . 5 0 0 . 1 2 0 . 3 5 0 . 0 6 3 . 8 3 8 2 . 0 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 0 0 . 0 4 0
C C W - 0 0 3 A F B * 0 . 7 5 3 . 6 1 4 . 9 0 . 3 1 0 . 2 9 0 . 9 0 1 . 6 2 0 . 0 7 3 . 5 0 7 3 . 1 0 . 0 0 0 . 0 0 0 . 0 0 9 0 . 0 0 0 . 0 1 0 . 1 2 1
C C W - 0 0 5 A F B * 0 . 4 9 5 . 0 2 2 . 0 0 . 0 7 0 . 4 2 0 . 6 2 0 . 4 2 0 . 2 3 0 . 5 1 6 9 . 5 0 . 0 0 0 . 0 0 0 . 0 0 3 0 . 0 0 0 . 0 1 0 . 0 2 0
C C W - 0 0 6 A F B 0 . 3 5 4 . 0 1 2 . 1 0 . 1 7 0 . 6 7 0 . 4 2 0 . 2 3 0 . 1 6 1 2 . 9 1 6 8 . 5 0 . 0 0 0 . 0 1 0 . 0 0 3 0 . 0 0 0 . 0 1 0 . 2 2 5
C C W - 0 1 3 A F B 0 . 4 0 5 . 2 1 7 . 1 0 . 2 7 0 . 6 7 0 . 2 7 0 . 3 5 0 . 2 6 3 . 4 1 7 1 . 8 0 . 0 1 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 3 7
C C W - 0 1 4 a A F B * 0 . 3 9 5 . 1 1 9 . 9 0 . 8 0 0 . 3 2 0 . 5 7 0 . 5 7 0 . 1 8 1 . 9 1 6 9 . 5 0 . 0 1 0 . 0 0 0 . 0 0 2 0 . 0 0 0 . 0 1 0 . 0 7 7
C C W - 0 1 4 b A F B 0 . 3 7 5 . 5 1 5 . 2 0 . 5 1 0 . 3 2 0 . 2 3 0 . 3 1 0 . 1 7 2 . 3 6 7 4 . 7 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 2 1
C C W - A - 0 1 1 A F B * 0 . 9 9 5 . 9 2 5 . 1 0 . 0 8 0 . 3 9 0 . 7 1 0 . 7 2 0 . 3 1 4 . 6 9 6 0 . 5 0 . 0 0 0 . 0 0 0 . 0 0 4 0 . 0 0 0 . 0 1 0 . 0 8 8
C C W - A - 0 3 0 A F B 0 . 3 9 3 . 9 1 6 . 2 0 . 1 1 0 . 3 7 0 . 5 3 0 . 5 4 0 . 1 7 6 . 4 3 7 0 . 6 0 . 0 0 0 . 0 0 0 . 0 0 2 0 . 0 0 0 . 0 1 0 . 2 5 0
Table 
C.3: 
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S p e c i m e n C o n t e x t T y p e M g O A l 2 0 3 S i 0 2 P 2 0 5 s o 3 K 2 0 C a O T i 0 2 M n O F e O C u O Z n O S r O Y Z r 0 2 B a O
C C W - A - 0 3 2 A F B 0 . 5 2 4 . 0 1 6 . 1 0 . 1 1 0 . 3 7 0 . 4 8 0 . 6 3 0 . 1 5 5 . 7 0 7 1 . 3 0 . 0 0 0 . 0 0 0 . 0 0 4 0 . 0 0 0 . 0 1 0 . 1 9 1
C C W - A - 0 4 7 A F B 0 . 4 2 5 . 0 1 8 . 4 0 . 2 6 0 . 2 7 0 . 3 0 0 . 3 2 0 . 2 5 1 . 0 9 7 3 . 0 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 1
C C W - A - 0 4 8 A F B 0 . 3 6 5 . 1 1 8 . 4 0 . 3 6 0 . 2 1 0 . 4 6 0 . 3 4 0 . 1 6 2 . 1 8 7 2 . 0 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 2 8
C C W - A - 0 4 9 A F B 0 . 4 5 4 . 7 1 6 . 3 0 . 3 2 0 . 1 9 0 . 5 3 0 . 3 3 0 . 1 5 2 . 1 3 7 4 . 4 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 4 4
C C W - A - 0 5 0 A F B 0 . 4 2 4 . 5 1 7 . 8 0 . 2 3 0 . 2 5 0 . 2 3 0 . 3 3 0 . 2 2 1 . 3 5 7 4 . 3 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 9
C C W - 0 1 8 A F l a t * 0 . 5 0 6 . 8 2 6 . 3 0 . 2 2 1 . 0 1 0 . 7 1 0 . 3 6 0 . 3 4 3 . 8 1 5 9 . 5 0 . 0 0 0 . 0 0 0 . 0 0 3 0 . 0 0 0 . 0 2 0 . 0 7 8
C C W - 0 0 1 A P C B 0 . 5 6 2 . 3 1 1 . 9 0 . 0 4 0 . 1 0 0 . 3 6 0 . 6 5 0 . 0 8 0 . 8 1 8 2 . 8 0 . 0 0 0 . 0 0 0 . 0 0 1 0 . 0 0 0 . 0 1 0 . 0 1 8
C C W - 0 0 4 A P C B 0 . 6 8 5 . 7 2 2 . 4 0 . 0 9 0 . 4 1 0 . 6 7 0 . 5 4 0 . 2 9 0 . 5 7 6 8 . 1 0 . 0 0 0 . 0 0 0 . 0 0 2 0 . 0 0 0 . 0 1 0 . 0 1 8
C C W - 0 0 7 A P C B 0 . 4 4 2 . 8 9 . 9 0 . 0 4 0 . 5 5 0 . 1 4 0 . 3 5 0 . 1 1 1 1 . 3 5 7 4 . 0 0 . 0 0 0 . 0 0 0 . 0 0 1 0 . 0 0 0 . 0 1 0 . 1 2 1
C C W - 0 0 8 A P C B 0 . 2 6 2 . 4 9 . 0 0 . 0 5 0 . 3 8 0 . 1 3 0 . 4 6 0 . 0 5 3 . 1 4 8 3 . 8 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 0 0 . 0 3 4
C C W - 0 0 9 A P C B 0 . 2 9 3 . 8 1 3 . 2 0 . 0 7 0 . 6 0 0 . 1 1 0 . 2 6 0 . 1 9 2 . 6 7 7 8 . 7 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 4
C C W - 0 1 0 A P C B 0 . 5 9 3 . 0 1 2 . 6 0 . 0 2 0 . 2 7 0 . 2 1 0 . 3 8 0 . 1 3 3 . 6 2 7 8 . 7 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 2 9
C C W - 0 1 6 A P C B 0 . 4 4 2 . 1 1 1 . 1 0 . 2 9 0 . 1 3 0 . 3 6 0 . 5 0 0 . 0 9 1 . 7 6 8 2 . 7 0 . 0 1 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 1 7
C C W - 0 1 7 A P C B 0 . 5 1 1 . 9 1 1 . 3 0 . 0 8 0 . 2 7 0 . 2 3 0 . 6 9 0 . 0 7 6 . 0 6 7 8 . 4 0 . 0 0 0 . 0 0 0 . 0 0 4 0 . 0 0 0 . 0 1 0 . 2 0 4
C C W - 0 1 9 A P C B 0 . 6 8 2 . 8 1 1 . 5 0 . 0 3 0 . 2 1 0 . 2 7 0 . 5 5 0 . 1 1 7 . 7 7 7 5 . 7 0 . 0 0 0 . 0 0 0 . 0 0 2 0 . 0 0 0 . 0 1 0 . 0 7 4
C C W - 0 2 0 A P C B 0 . 3 2 3 . 2 1 0 . 9 0 . 1 5 0 . 2 8 0 . 0 9 0 . 3 1 0 . 1 3 5 . 8 2 7 8 . 6 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 2 4
C C W - 0 2 1 A P C B 0 . 5 5 4 . 1 1 8 . 2 0 . 0 6 0 . 2 1 0 . 5 8 0 . 7 4 0 . 1 4 1 . 0 8 7 3 . 5 0 . 0 0 0 . 0 0 0 . 0 0 3 0 . 0 0 0 . 0 1 0 . 0 2 1
C C W - A - 0 2 5 A P C B 0 . 6 8 4 . 1 1 8 . 3 0 . 0 7 0 . 1 1 1 . 0 5 0 . 9 0 0 . 1 7 1 . 7 2 7 2 . 1 0 . 0 0 0 . 0 0 0 . 0 0 4 0 . 0 0 0 . 0 1 0 . 0 3 7
C C W - 0 2 9 H 1 D C 0 . 1 7 3 . 6 1 6 . 6 0 . 0 9 0 . 5 3 0 . 0 8 0 . 2 4 0 . 2 5 6 . 7 1 7 1 . 4 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 1 4 6
C C W - 0 3 0 H 1 D C 0 . 1 8 4 . 3 1 3 . 9 0 . 1 6 0 . 4 1 0 . 3 2 0 . 5 5 0 . 1 5 5 . 6 3 7 4 . 0 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 9 6
C C W - 0 3 1 H 1 D C 0 . 2 8 5 . 5 2 3 . 0 0 . 2 7 0 . 3 8 0 . 6 5 0 . 5 6 0 . 2 6 7 . 2 3 6 1 . 0 0 . 0 0 0 . 0 0 0 . 0 0 7 0 . 0 0 0 . 0 1 0 . 2 1 7
C C W - 0 3 2 H 1 D C 0 . 0 6 3 . 9 1 3 . 5 0 . 1 6 0 . 5 2 0 . 1 5 0 . 3 7 0 . 1 4 5 . 5 2 7 5 . 3 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 1 5 6
C C W - 0 3 3 H 1 F 0 . 3 9 4 . 7 1 5 . 0 0 . 1 5 0 . 6 5 0 . 0 7 0 . 1 8 0 . 2 1 4 . 5 6 7 3 . 8 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 8 5
C C W - 0 5 1 H 1 F 0 . 2 3 6 . 3 1 7 . 3 0 . 3 4 0 . 4 1 0 . 4 7 1 . 0 2 0 . 2 4 1 0 . 9 8 6 1 . 9 0 . 0 0 0 . 0 0 0 . 0 0 8 0 . 0 0 0 . 0 1 0 . 1 9 4
C C W - 0 5 2 H 1 F 0 . 4 4 3 . 1 1 4 . 8 0 . 2 1 0 . 2 7 0 . 0 7 0 . 2 2 0 . 1 5 3 . 1 0 7 7 . 4 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 2
Table 
C.3: 
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S p e c i m e n C o n t e x t T y p e M g O a i 2 o 3 S i 0 2 p 2 o 5 S 0 3 K 2 0 C a O T i 0 2 M n O F e O C u O Z n O S r O Y Z r O z B a O
C C W - 0 5 3 H 1 F 0 . 0 6 5 . 6 1 5 . 2 0 . 4 7 0 . 5 6 0 . 3 3 0 . 3 8 0 . 2 5 4 . 7 5 7 1 . 8 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 5 6
C C W - 0 5 4 H 1 F 0 . 3 1 6 . 0 2 3 . 1 0 . 1 7 0 . 3 5 0 . 9 2 0 . 8 9 0 . 2 6 6 . 7 1 6 0 . 4 0 . 0 0 0 . 0 0 0 . 0 0 6 0 . 0 0 0 . 0 1 0 . 1 8 1
C C W - 0 5 5 H 1 F 0 . 2 6 5 . 3 2 0 . 1 0 . 5 7 0 . 3 8 0 . 4 1 0 . 7 1 0 . 2 0 7 . 2 1 6 4 . 1 0 . 0 0 0 . 0 0 0 . 0 0 4 0 . 0 1 0 . 0 1 0 . 1 5 6
C C W - 0 5 6 H 1 F 0 . 1 6 4 . 4 1 4 . 5 0 . 1 4 0 . 5 4 0 . 1 9 0 . 3 7 0 . 1 6 5 . 7 0 7 3 . 5 0 . 0 0 0 . 0 0 0 . 0 0 1 0 . 0 0 0 . 0 1 0 . 1 0 8
C C W - 0 5 7 H 1 F 0 . 2 5 5 . 9 2 3 . 7 0 . 2 7 0 . 3 2 0 . 8 4 0 . 6 6 0 . 2 7 7 . 2 0 5 9 . 6 0 . 0 0 0 . 0 0 0 . 0 0 9 0 . 0 0 0 . 0 1 0 . 2 6 1
C C W - 0 5 8 H 1 F 0 . 2 2 5 . 3 2 1 . 7 0 . 5 3 0 . 2 9 0 . 4 6 0 . 6 7 0 . 2 4 4 . 9 9 6 4 . 8 0 . 0 0 0 . 0 0 0 . 0 0 3 0 . 0 1 0 . 0 1 0 . 0 9 0
C C W - 0 5 9 H 1 F 0 . 2 7 3 . 7 1 6 . 0 0 . 0 7 0 . 3 5 0 . 1 9 0 . 2 4 0 . 2 0 6 . 0 5 7 2 . 6 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 6 5
C C W - 0 6 0 H 1 F 0 . 3 7 4 . 7 2 2 . 3 0 . 2 3 0 . 2 9 0 . 5 1 0 . 5 6 0 . 2 7 4 . 0 5 6 6 . 1 0 . 0 0 0 . 0 0 0 . 0 0 1 0 . 0 0 0 . 0 1 0 . 0 7 0
C C W - H - 0 5 0 H 1 F 0 . 4 0 4 . 5 1 7 . 3 0 . 4 1 0 . 2 6 0 . 0 9 0 . 1 8 0 . 2 2 1 . 6 1 7 4 . 7 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
C C W - 0 2 7 H 1 F B 0 . 1 9 4 . 8 2 1 . 3 0 . 3 4 0 . 6 1 0 . 3 7 0 . 5 0 0 . 2 1 5 . 6 4 6 5 . 4 0 . 0 0 0 . 0 0 0 . 0 0 4 0 . 0 1 0 . 0 1 0 . 1 7 1
C C W - H - 0 2 8 H 1 F B 0 . 2 0 3 . 8 1 4 . 0 0 . 1 3 0 . 4 7 0 . 1 0 0 . 2 0 0 . 1 4 6 . 1 7 7 4 . 6 0 . 0 0 0 . 0 0 0 . 0 0 1 0 . 0 0 0 . 0 1 0 . 1 2 3
C C W - 0 2 3 H 1 P C B 0 . 1 5 2 . 7 1 0 . 3 0 . 5 4 0 . 1 8 0 . 2 3 0 . 2 2 0 . 0 8 1 . 0 3 8 4 . 2 0 . 0 1 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 1 9
C C W - 0 2 4 H 1 P C B 0 . 2 6 2 . 0 8 . 1 0 . 1 0 0 . 4 0 0 . 1 9 0 . 4 5 0 . 0 4 4 . 2 0 8 3 . 8 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 3 4 8
C C W - H - 0 2 2 H 1 P C B 0 . 2 4 4 . 3 1 6 . 4 0 . 1 7 0 . 5 8 0 . 2 6 0 . 6 4 0 . 2 0 7 . 2 9 6 9 . 5 0 . 0 0 0 . 0 0 0 . 0 0 4 0 . 0 0 0 . 0 1 0 . 1 2 0
C C W - H - 0 2 5 H 1 P C B 0 . 3 9 4 . 1 1 5 . 2 0 . 0 7 0 . 3 3 0 . 3 9 0 . 3 9 0 . 1 5 3 . 8 8 7 4 . 7 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 6 5
C C W - H - 0 2 6 H 1 P C B 0 . 1 7 3 . 4 1 0 . 6 0 . 0 8 0 . 3 0 0 . 1 3 0 . 3 5 0 . 1 1 2 . 8 0 8 1 . 7 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 3 0
Table 
C.3: 
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Table C.4: Abridged PCA report for Crawcwellt West smelting slag
scores S p e c i m e n  PC01 PC02 PC03 PC04 PC05 PC06 PC07
original C C W - 0 3 4 - 3 . 5 9 1 . 8 9 2 . 5 3 0 . 6 4 0 . 0 4 1 . 1 3 - 0 . 0 9
C C W - 0 4 1 0 . 7 1 1 . 0 2 0 . 9 2 0 . 6 0 - 0 . 4 6 - 0 . 6 3 - 0 . 3 4
C C W - J 5 - 0 6 3 1 . 5 8 0 . 4 2 0 . 2 6 - 0 . 7 6 0 . 8 9 - 0 . 1 6 0 . 2 5
C C W - J 5 - 0 8 4 3 . 1 8 - 0 . 4 5 2 . 4 8 0 . 1 9 - 0 . 3 4 0 . 8 6 - 1 . 0 9
C C W - J 5 - 0 8 7 - 0 . 1 2 0 . 8 5 0 . 9 3 0 . 1 8 - 1 . 0 2 - 0 . 1 4 - 0 . 4 5
C C W - J 5 - 0 9 2 2 . 1 1 - 3 . 1 6 0 . 0 3 0 . 5 6 - 0 . 8 0 0 . 1 9 1 . 1 1
C C W - J 5 - 0 9 3 0 . 7 3 0 . 1 9 - 0 . 4 9 - 0 . 0 1 1 . 8 6 0 . 7 6 0 . 6 7
C C W - J 1 - 0 4 9 1 . 9 0 - 2 . 6 6 0 . 3 1 - 0 . 0 6 0 . 3 4 0 . 3 7 0 . 8 3
C C W - J 1 - 0 7 7 1 . 3 2 - 1 . 5 7 - 0 . 3 5 - 1 . 5 6 - 0 . 7 2 0 . 1 2 0 . 7 5
C C W - J 1 - 1 0 2 0 . 8 9 3 . 7 6 - 0 . 2 1 - 0 . 0 3 - 1 . 4 3 - 0 . 3 8 0 . 5 8
C C W - J 1 - 1 0 4 - 0 . 4 1 - 0 . 8 7 1 . 1 0 0 . 6 6 1 . 4 7 0 . 7 3 - 0 . 7 4
C C W - J 1 - 1 0 6 - 0 . 8 6 - 1 . 3 5 1 . 8 5 - 1 . 6 7 - 0 . 5 6 - 0 . 3 7 - 0 . 3 7
C C W - J 1 - 1 0 9 - 1 . 9 5 1 . 0 2 - 1 . 0 1 - 2 . 1 1 0 . 3 8 0 . 5 1 - 0 . 5 4
C C W - J 1 - 1 1 0 - 2 . 4 0 0 . 9 8 - 0 . 6 3 - 1 . 6 1 0 . 2 7 - 0 . 0 3 - 0 . 0 9
C C W - J 1 - 1 1 1 2 . 0 4 0 . 6 3 - 1 . 0 6 - 1 . 6 9 - 0 . 4 0 - 0 . 3 5 - 0 . 0 4
C C W - 0 1 5 2 . 7 8 1 . 9 9 - 0 . 0 9 1 . 3 5 0 . 1 2 - 0 . 6 0 0 . 0 7
C C W - A - 0 3 0 2 . 3 2 1 . 7 3 - 0 . 0 9 0 . 3 9 0 . 2 1 - 0 . 7 0 - 0 . 0 4
C C W - A - 0 3 2 2 . 6 1 1 . 5 7 0 . 2 6 0 . 5 3 0 . 7 5 0 . 5 3 0 . 2 7
C C W - 0 2 7 - 0 . 3 3 0 . 0 8 - 3 . 0 0 0 . 4 7 1 . 3 2 - 1 . 0 9 - 0 . 4 6
C C W - 0 3 1 - 2 . 1 0 - 0 . 7 0 - 0 . 0 8 0 . 1 8 0 . 0 7 - 1 . 3 1 - 0 . 0 8
C C W - 0 5 1 - 2 . 9 2 1 . 1 4 - 1 . 3 1 0 . 1 8 - 0 . 5 9 1 . 5 9 0 . 9 1
C C W - 0 5 4 - 2 . 9 8 - 1 . 1 9 1 . 5 3 0 . 5 4 0 . 5 8 - 0 . 5 7 0 . 7 8
C C W - 0 5 5 - 0 . 9 3 - 0 . 4 5 - 2 . 5 8 1 . 3 4 - 0 . 6 9 0 . 8 2 - 0 . 4 2
C C W - 0 5 7 - 3 . 3 4 - 0 . 7 7 1 . 0 0 0 . 9 0 - 0 . 1 6 - 1 . 5 7 0 . 4 2
C C W - 0 5 8 - 0 . 8 8 - 1 . 9 8 - 2 . 0 4 1 . 1 8 - 1 . 0 7 0 . 5 4 - 0 . 8 1
C C W - 0 6 0 0 . 6 2 - 2 . 1 3 - 0 . 2 3 - 0 . 3 8 - 0 . 0 4 - 0 . 2 4 - 1 . 1 0
scores S p e c i m e n PC01 PC02 PC03 PC 04 PC05 PC06 PC07
normalised C C W - 0 3 4 - 1 . 7 4 1 . 1 6 1 . 8 4 0 . 6 5 0 . 0 5 1 . 4 7 - 0 . 1 5
C C W - 0 4 1 0 . 3 5 0 . 6 3 0 . 6 7 0 . 6 1 - 0 . 5 7 - 0 . 8 2 - 0 . 5 4
C C W - J 5 - 0 6 3 0 . 7 6 0 . 2 6 0 . 1 9 - 0 . 7 7 1 . 1 0 - 0 . 2 1 0 . 4 1
C C W - J 5 - 0 8 4 1 . 5 4 - 0 . 2 7 1 . 8 1 0 . 1 9 - 0 . 4 2 1 . 1 2 - 1 . 7 3
C C W - J 5 - 0 8 7 - 0 . 0 6 0 . 5 2 0 . 6 8 0 . 1 8 - 1 . 2 5 - 0 . 1 9 - 0 . 7 1
C C W - J 5 - 0 9 2 1 . 0 2 - 1 . 9 4 0 . 0 2 0 . 5 7 - 0 . 9 9 0 . 2 5 1 . 7 7
C C W - J 5 - 0 9 3 0 . 3 5 0 . 1 2 - 0 . 3 5 - 0 . 0 1 2 . 2 9 0 . 9 9 1 . 0 8
C C W - J 1  - 0 4 9 0 . 9 2 - 1 . 6 3 0 . 2 3 - 0 . 0 6 0 . 4 1 0 . 4 8 1 . 3 3
C C W - J 1 - 0 7 7 0 . 6 4 - 0 . 9 6 - 0 . 2 6 - 1 . 5 8 - 0 . 8 9 0 . 1 6 1 . 2 0
C C W - J 1 - 1 0 2 0 . 4 3 2 . 3 1 - 0 . 1 6 - 0 . 0 3 - 1 . 7 6 - 0 . 4 9 0 . 9 3
C C W - J 1 - 1 0 4 - 0 . 2 0 - 0 . 5 3 0 . 8 0 0 . 6 6 1 . 8 1 0 . 9 5 - 1 . 1 9
C C W - J 1 - 1 0 6 - 0 . 4 2 - 0 . 8 3 1 . 3 5 - 1 . 6 9 - 0 . 6 8 - 0 . 4 8 - 0 . 6 0
C C W - J 1 - 1 0 9 - 0 . 9 5 0 . 6 3 - 0 . 7 3 - 2 . 1 5 0 . 4 7 0 . 6 6 - 0 . 8 7
C C W - J 1 - 1 1 0 - 1 . 1 6 0 . 6 0 - 0 . 4 6 - 1 . 6 3 0 . 3 3 - 0 . 0 4 - 0 . 1 5
C C W - J 1 - 1 1 1 0 . 9 9 0 . 3 9 - 0 . 7 8 - 1 . 7 1 - 0 . 4 9 - 0 . 4 6 - 0 . 0 6
C C W - 0 1 5 1 . 3 5 1 . 2 2 - 0 . 0 6 1 . 3 7 0 . 1 4 - 0 . 7 8 0 . 1 1
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scores S p e c i m e n PC01 PC02 PC03 PC 04 PC05 PC06 PC07
C C W - A - 0 3 0 1 . 1 2 1 . 0 7 - 0 . 0 7 0 . 4 0 0 . 2 6 - 0 . 9 1 - 0 . 0 7
C C W - A - 0 3 2 1 . 2 6 0 . 9 6 0 . 1 9 0 . 5 3 0 . 9 2 0 . 6 8 0 . 4 3
C C W - 0 2 7 - 0 . 1 6 0 . 0 5 - 2 . 1 9 0 . 4 8 1 . 6 2 - 1 . 4 2 - 0 . 7 4
C C W - 0 3 1 - 1 . 0 2 - 0 . 4 3 - 0 . 0 6 0 . 1 8 0 . 0 8 - 1 . 7 1 - 0 . 1 2
C C W - 0 5 1 - 1 . 4 1 0 . 7 0 - 0 . 9 6 0 . 1 9 - 0 . 7 2 2 . 0 7 1 . 4 5
C C W - 0 5 4 - 1 . 4 4 - 0 . 7 3 1 . 1 2 0 . 5 5 0 . 7 1 - 0 . 7 4 1 . 2 5
C C W - 0 5 5 - 0 . 4 5 - 0 . 2 8 - 1 . 8 8 1 . 3 6 - 0 . 8 5 1 . 0 6 - 0 . 6 6
C C W - 0 5 7 - 1 . 6 2 - 0 . 4 7 0 . 7 3 0 . 9 2 - 0 . 1 9 - 2 . 0 4 0 . 6 6
C C W - 0 5 8 - 0 . 4 2 - 1 . 2 2 - 1 . 4 9 1 . 1 9 - 1 . 3 2 0 . 7 0 - 1 . 2 9
C C W - 0 6 0 0 . 3 0 - 1 . 3 1 - 0 . 1 7 - 0 . 3 9 - 0 . 0 5 - 0 . 3 1 - 1 . 7 5
loadings V a r i a b l e PC01 PC02 PC03 PC04 PC05 PC06 PC07
M g O 0 . 6 0 - 0 . 0 9 0 . 5 8 - 0 . 2 6 0 . 2 5 0 . 3 1 0 . 0 5
A l 2 0 3 - 0 . 6 4 - 0 . 4 4 - 0 . 2 1 - 0 . 2 4 - 0 . 1 6 0 . 0 6 0 . 5 1
S i 0 2 - 0 . 5 2 - 0 . 7 4 0 . 1 1 0 . 1 3 0 . 1 5 - 0 . 2 5 - 0 . 1 7
P 2 0 5 - 0 . 3 6 - 0 . 3 8 - 0 . 6 5 0 . 3 8 - 0 . 1 5 0 . 2 1 - 0 . 1 0
S 0 3 - 0 . 2 8 0 . 2 8 - 0 . 6 0 - 0 . 1 5 0 . 6 6 - 0 . 0 8 0 . 0 6
K 2 0 - 0 . 4 0 - 0 . 3 1 0 . 7 4 0 . 2 4 0 . 1 1 - 0 . 1 7 0 . 1 1
C a O - 0 . 7 5 0 . 2 3 0 . 1 5 0 . 2 6 0 . 1 3 0 . 4 7 - 0 . 0 3
T i 0 2 - 0 . 7 1 - 0 . 4 5 0 . 0 9 - 0 . 4 4 0 . 0 4 0 . 0 1 - 0 . 1 8
M n O - 0 . 5 4 0 . 6 9 0 . 0 6 - 0 . 3 9 - 0 . 2 0 0 . 0 8 - 0 . 1 3
F e O 0 . 9 4 0 . 0 0 - 0 . 1 0 0 . 2 3 0 . 0 7 0 . 0 5 0 . 1 1
S r O - 0 . 7 2 0 . 3 9 0 . 3 1 0 . 3 4 0 . 0 8 0 . 0 8 0 . 0 6
B a O - 0 . 3 4 0 . 8 4 0 . 0 5 0 . 1 3 - 0 . 0 6 - 0 . 3 3 0 . 0 9
E i g e n v a l u e s 4 . 2 7 2 . 6 5 1 . 8 8 0 . 9 7 0 . 6 6 0 . 5 9 0 . 3 9
% v a r i a t i o n 3 5 . 6 2 2 2 . 0 7 1 5 . 6 6 8 . 1 0 5 . 4 9 4 . 9 4 3 . 2 6
C u m u l a t i v e  % 3 5 . 6 2 5 7 . 6 9 7 3 . 3 5 8 1 . 4 4 8 6 . 9 4 9 1 . 8 7 9 5 . 1 4
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Appendix D: Bryn y Castell Data and Statistical
Reports_________________________
Table D .l: Bryn y Castell ore chemistry—all values reported in wt%.
o10
o
8
o
8
o
8
o
8
o
8
o
8
ooo 1
CM
CM oco
sOm
CD d o d d o d d d d O
o
N
8
d
000 8
d 0.0
0 000 8
d
000
22
3.6
1
0.0
1 o
d
O
d
>- 8 8 8 8 8 8 oo
CM
ro 8 8 8
d d d o d d d 00 d d d
o
o
8
o
8
o
8
o
8 |
o
8
ooo I 8 8 8«/* d d d d o d d o o o
o 8 8 8 8 8 8 oo I 8 8 8
d d d d d d d d d o
o 0000 ooo O ' COsO 00ro COro o'O i nrsi o •r- T-
< O'* o TT CO
ro00 d d o
o CMo
ro
o 8 o rsio CS|o o O' CMo CMo <NOc
M d d d d d d d 5 d d o
o3 8 8 8 8 oo 8 oo
rsi
ro
r»j 8 8 8U d d d d d d o d d d
o m 'O 00 CO rsi in O ' in
£
u .
CM
O ' ■0"O ' 00 oO' O' o ! O’ ooCO o O 'ro
o
c
o CO
in CO i^ O ' r -o
rsi
O
CO
M-
M-
O '
O '
sO
d o d d d d d CO 3 oorO O'ro
o 8 oo oo oo 8 8 oo I COo COO roO
> d o d d d d o d d d
o
P
00 
0
000 o
d
000
000 8
d
000
14
7.7
7
0.1
5
0.1
6
0.1
6
o (VIo M’o
'T
o
CM
o
rsi
o
co
o 9 r*". i nh*. ro
d d d d d d d r-.’m* d d d
o
in
O s s o COo ino <NO s O 'o s O 'o
l/l o d d d d d d d d d
o O '\D 3 in CO CM —< sOin i^ CM O'
Ol o d d r>i d dsO
o m sO Tt r *4 CO CN i^- o^ SO ro
i/i T" 'r_ d rsi oo O ' O'
o r>4 o in in m rsi ro h -
< d d d d d d
d O ' oo OO
o ino oo O'o sOo oo o O’o 8 O 'o rsiCM in
d d d d d d d dO d d d
. c
T_ M 3 i n sO ■c CO
v «,Aj t 0 d d Yd Yd ctoa> Q occ ?; Td M-d c<0CD
U. O CO CO CO CO co E C/D U =5 o co CO E
305
T able D.2: Bryn y Castell clay chemistry— all values in wt%
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Table D.3: Bryn y Castell slag chemistry—all values reported as wt% 
Corroded slag specimens are shaded; asterisks indicate reclassified slag
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S p e c i m e n C o n t e x t T y p e M g O a i 2 o 3 S i 0 2 p 2 o 5 s o 3 k 2 o C a O T i 0 2 V 2 0 5 M n O F e O C u O Z n O S r O Y Z r 0 2 B a O
B Y C - 2 0 8 S P C B 0 . 2 9 2 . 6 1 0 . 8 0 . 3 0 0 . 4 2 0 . 0 5 0 . 2 4 0 . 1 4 0 . 0 0 1 . 3 4 8 2 . 2 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 6
B Y C - 2 0 9 S P C B 0 . 3 4 3 . 1 8 . 5 0 . 6 3 0 . 3 3 0 . 0 4 0 . 1 7 0 . 1 2 0 . 0 0 1 . 3 7 8 4 . 8 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
B Y C - 2 1 0 S P C B 0 . 4 0 2 . 0 6 . 7 0 . 3 5 0 . 2 0 0 . 0 5 0 . 2 1 0 . 0 9 0 . 0 0 1 . 6 1 8 8 . 0 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0
B Y C - 2 1 1 a S P C B 0 . 2 8 1 . 7 4 . 9 0 . 1 4 0 . 3 6 0 . 0 4 0 . 1 4 0 . 0 8 0 . 0 0 1 . 9 3 8 8 . 7 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0
B Y C - 2 1 2 s P C B 0 . 4 1 4 . 3 1 4 . 9 0 . 3 9 0 . 2 9 0 . 6 8 0 . 7 8 0 . 2 1 0 . 0 0 3 . 0 9 7 4 . 6 0 . 0 0 0 . 0 0 0 . 0 0 3 0 . 0 0 0 . 0 1 0 . 0 0 9
B Y C - 2 1 3 s P C B 0 . 4 8 3 . 6 1 3 . 3 0 . 5 6 0 . 4 0 0 . 3 8 0 . 7 2 0 . 1 7 0 . 0 0 1 . 7 4 7 8 . 0 0 . 0 0 0 . 0 0 0 . 0 0 1 0 . 0 0 0 . 0 1 0 . 0 1 1
B Y C - 2 2 9 s F 0 . 5 3 6 . 6 1 9 . 6 0 . 7 2 0 . 5 4 0 . 7 8 0 . 8 3 0 . 3 6 0 . 0 2 6 . 9 5 6 2 . 5 0 . 0 0 0 . 0 0 0 . 0 0 7 0 . 0 0 0 . 0 1 0 . 0 1 0
B Y C - 2 3 0 s F 0 . 2 2 2 . 3 7 . 0 0 . 7 7 0 . 2 6 0 . 0 2 0 . 2 5 0 . 0 9 0 . 0 0 2 . 5 3 8 6 . 3 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
B Y C - 2 3 1 s F * 0 . 4 4 5 . 7 1 6 . 8 0 . 4 8 0 . 4 9 0 . 5 6 0 . 5 9 0 . 2 7 0 . 0 0 1 . 9 0 7 2 . 5 0 . 0 0 0 . 0 0 0 . 0 0 1 0 . 0 0 0 . 0 1 0 . 0 2 0
B Y C - 2 3 2 s F 0 . 3 5 4 . 6 1 3 . 4 0 . 6 0 0 . 5 4 0 . 2 4 0 . 5 3 0 . 1 8 0 . 0 0 2 . 0 3 7 7 . 2 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 2
B Y C - 2 3 3 s F * 0 . 2 5 4 . 4 1 4 . 6 1 . 2 4 0 . 2 0 0 . 4 7 0 . 3 9 0 . 2 2 0 . 0 1 8 . 4 7 6 9 . 3 0 . 0 0 0 . 0 0 0 . 0 0 2 0 . 0 0 0 . 0 1 0 . 0 0 5
B Y C - 2 3 4 s F 0 . 3 3 3 . 9 1 3 . 4 0 . 7 6 0 . 2 9 0 . 1 4 0 . 2 2 0 . 2 1 0 . 0 0 0 . 3 9 8 0 . 0 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
B Y C - 2 5 1 s F 0 . 3 8 3 . 5 1 0 . 6 0 . 8 3 0 . 5 1 0 . 0 5 0 . 2 5 0 . 1 5 0 . 0 0 1 . 5 6 8 1 . 9 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
B Y C - 2 5 2 s F 0 . 1 8 2 . 5 9 . 5 1 . 9 0 0 . 3 2 0 . 0 6 0 . 2 7 0 . 1 2 0 . 0 0 0 . 5 4 8 4 . 4 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
B Y C - 2 5 3 s F * 0 . 4 3 5 . 4 1 6 . 9 0 . 5 6 0 . 4 9 0 . 3 7 0 . 4 4 0 . 2 4 0 . 0 0 1 . 9 2 7 2 . 7 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 2 2
B Y C - 2 5 4 s F 0 . 1 7 2 . 3 8 . 2 1 . 1 1 0 . 2 9 0 . 0 3 0 . 2 2 0 . 0 9 0 . 0 0 0 . 4 5 8 6 . 8 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0
B Y C - 2 5 5 s F 0 . 2 6 3 . 5 1 0 . 0 0 . 7 1 0 . 4 4 0 . 0 5 0 . 1 6 0 . 1 5 0 . 0 0 1 . 5 8 8 3 . 0 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 5
B Y C - 2 7 9 s F 0 . 2 6 3 . 4 1 1 . 3 2 . 1 8 0 . 2 4 0 . 1 2 0 . 3 9 0 . 1 3 0 . 0 0 0 . 5 1 8 1 . 0 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 0 0 . 0 0 2
B Y C - 2 2 9 s P 0 . 5 3 6 . 6 1 9 . 6 0 . 7 2 0 . 5 4 0 . 7 8 0 . 8 3 0 . 3 6 0 . 0 2 6 . 9 5 6 2 . 5 0 . 0 0 0 . 0 0 0 . 0 0 7 0 . 0 0 0 . 0 1 0 . 0 1 0
B Y C - 2 8 0 s F 0 . 3 5 4 . 6 1 3 . 0 0 . 6 1 0 . 4 0 0 . 2 5 0 . 2 9 0 . 1 6 0 . 0 0 2 . 4 0 7 7 . 6 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 1
B Y C - 2 8 1 s F * 0 . 2 7 4 . 5 1 5 . 2 1 . 8 9 0 . 3 5 0 . 4 0 0 . 2 3 0 . 2 0 0 . 0 0 0 . 5 6 7 6 . 0 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 1 1
B Y C - 2 8 2 s F 0 . 3 2 4 . 0 1 1 . 8 1 . 0 1 0 . 4 5 0 . 1 6 0 . 3 5 0 . 1 6 0 . 0 0 0 . 4 8 8 0 . 9 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
B Y C - 2 0 0 R P C B 0 . 3 1 3 . 8 1 4 . 9 0 . 3 8 0 . 8 4 0 . 2 9 0 . 3 2 0 . 2 0 0 . 0 0 1 . 2 7 7 5 . 5 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 1 2
B Y C - 2 0 1 R P C B 0 . 4 0 2 . 6 8 . 6 0 . 3 0 0 . 3 4 0 . 1 5 0 . 3 3 0 . 1 3 0 . 0 0 1 . 5 3 8 4 . 4 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 5
B Y C - 2 0 2 R P C B 0 . 3 9 5 . 0 1 6 . 4 0 . 9 7 0 . 5 1 0 . 5 4 0 . 3 2 0 . 2 2 0 . 0 0 0 . 3 9 7 4 . 7 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 1 0
Table 
D.3: 
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S p e c i m e n C o n t e x t T y p e M g O A 12O 3 S i 0 2 p 2o 5 S 0 3 K 20 C a O T i 0 2 V 2O s M n O F e O C u O Z n O S r O Y Z r 0 2 B a O
B Y C - 2 0 3 R P C B 0 . 3 7 2 . 7 8 . 2 0 . 5 0 0 . 3 0 0 . 1 3 0 . 4 2 0 . 1 2 0 . 0 0 2 . 5 1 8 2 . 5 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 6
B Y C - 2 0 4 R P C B 0 . 4 3 5 . 3 1 7 . 8 0 . 8 9 0 . 3 9 0 . 7 0 0 . 5 7 0 . 2 1 0 . 0 0 0 . 4 1 7 2 . 9 0 . 0 0 0 . 0 0 0 . 0 0 1 0 . 0 0 0 . 0 1 0 . 0 1 2
B Y C - 2 0 5 R P C B 0 . 7 9 5 . 5 1 5 . 3 0 . 1 7 0 . 2 6 1 . 1 2 0 . 5 1 0 . 2 2 0 . 0 0 0 . 6 0 7 4 . 4 0 . 0 0 0 . 0 0 0 . 0 0 1 0 . 0 0 0 . 0 1 0 . 0 1 4
B Y C - 2 0 6 R P C B 0 . 4 1 2 . 5 1 0 . 1 0 . 2 6 0 . 1 5 0 . 4 2 0 . 5 6 0 . 1 0 0 . 0 0 0 . 9 7 8 3 . 8 0 . 0 0 0 . 0 0 0 . 0 0 1 0 . 0 0 0 . 0 1 0 . 0 0 7
B Y C - 2 0 7 R P C B 0 . 4 1 5 . 3 1 6 . 5 0 . 3 9 0 . 6 1 0 . 3 8 0 . 3 1 0 . 2 0 0 . 0 0 1 . 7 2 7 4 . 0 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 1 5
B Y C - 2 2 3 R F 0 . 1 2 1 . 5 4 . 8 1 . 1 1 0 . 1 8 0 . 0 1 0 . 0 9 0 . 0 7 0 . 0 0 0 . 3 1 9 1 . 7 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0
B Y C - 2 2 4 R F 0 . 2 4 2 . 9 9 . 2 1 . 4 5 0 . 2 5 0 . 0 9 0 . 3 7 0 . 1 4 0 . 0 0 0 . 5 3 8 4 . 6 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0
B Y C - 2 2 5 / 2 3 1 a R F * 0 . 3 4 4 . 9 1 6 . 8 2 . 1 0 0 . 1 6 0 . 4 8 0 . 4 2 0 . 2 5 0 . 0 0 0 . 5 7 7 3 . 5 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 1 6
B Y C - 2 2 6 R F 0 . 4 0 4 . 0 1 4 . 9 1 . 5 1 0 . 1 8 0 . 1 4 0 . 2 0 0 . 2 4 0 . 0 0 0 . 4 7 7 7 . 7 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
B Y C - 2 2 7 R F 0 . 2 3 1 . 9 6 . 7 1 . 1 9 0 . 2 6 0 . 0 5 0 . 1 1 0 . 1 0 0 . 0 0 0 . 4 5 8 8 . 8 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0
B Y C - 2 2 8 R F 0 . 2 0 5 . 0 9 . 8 0 . 7 0 0 . 2 7 0 . 0 7 0 . 2 4 0 . 1 1 0 . 0 0 1 . 5 3 8 1 . 9 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
B Y C - 2 4 1 R F 0 . 1 9 2 . 4 9 . 5 1 . 5 7 0 . 2 0 0 . 0 4 0 . 1 7 0 . 1 1 0 . 0 0 0 . 3 3 8 5 . 3 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
B Y C - 2 4 2 R F 0 . 1 8 2 . 7 9 . 7 1 . 0 2 0 . 2 5 0 . 0 7 0 . 2 1 0 . 1 1 0 . 0 0 0 . 3 8 8 5 . 1 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0
B Y C - 2 4 3 R F 0 . 2 8 3 . 7 1 4 . 1 2 . 1 3 0 . 2 5 0 . 1 2 0 . 3 7 0 . 2 1 0 . 0 0 0 . 5 8 7 7 . 8 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 3
B Y C - 2 4 4 R F * 0 . 4 2 5 . 2 1 6 . 6 0 . 6 8 0 . 6 6 0 . 2 8 0 . 1 8 0 . 2 8 0 . 0 0 1 . 4 8 7 3 . 9 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 1 1
B Y C - 2 4 5 R F * 0 . 4 0 4 . 1 1 4 . 4 0 . 7 5 0 . 4 3 0 . 3 0 0 . 4 3 0 . 1 7 0 . 0 0 0 . 5 7 7 8 . 1 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 5
B Y C - 2 4 6 R F 0 . 3 1 3 . 0 1 0 . 4 0 . 7 4 0 . 3 0 0 . 2 0 0 . 3 1 0 . 1 4 0 . 0 0 0 . 4 1 8 3 . 8 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
B Y C - 2 4 7 R F 0 . 1 7 2 . 1 7 . 5 1 . 1 0 0 . 2 7 0 . 0 8 0 . 1 1 0 . 0 9 0 . 0 0 0 . 3 6 8 7 . 8 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0
B Y C - 2 4 8 R F 0 . 2 1 1 . 4 5 . 0 1 . 3 4 0 . 1 5 0 . 0 3 0 . 1 1 0 . 0 6 0 . 0 0 0 . 3 0 9 0 . 8 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0
B Y C - 2 4 9 R F * 0 . 3 2 5 . 2 1 6 . 4 0 . 4 4 0 . 7 6 0 . 3 1 0 . 2 9 0 . 2 3 0 . 0 0 1 . 7 3 7 3 . 7 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 1 9
B Y C - 2 5 0 R F 0 . 3 6 4 . 8 1 3 . 5 0 . 4 7 0 . 4 5 0 . 1 2 0 . 1 7 0 . 2 4 0 . 0 0 1 . 5 7 7 8 . 1 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
B Y C - 2 1 4 Q F 0 . 2 7 3 . 2 1 2 . 1 1 . 7 6 0 . 2 6 0 . 1 7 0 . 3 5 0 . 1 5 0 . 0 0 0 . 4 3 8 0 . 8 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 4
B Y C - 2 1 6 Q F 0 . 3 2 3 . 7 1 3 . 0 2 . 1 4 0 . 2 6 0 . 1 1 0 . 3 9 0 . 1 8 0 . 0 0 0 . 4 9 7 9 . 0 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 3
B Y C - 2 1 7 0 . F 0 . 1 4 2 . 2 8 . 2 2 . 0 6 0 . 1 8 0 . 0 3 0 . 2 1 0 . 0 8 0 . 0 0 0 . 5 9 8 5 . 9 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
B Y C - 2 1 8 Q F 0 . 1 5 3 . 1 1 1 . 0 1 . 7 1 0 . 3 0 0 . 0 4 0 . 2 1 0 . 1 6 0 . 0 0 0 . 6 2 8 2 . 4 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
Table 
D.3 
(continued)
3
1
0
S p e c i m e n C o n t e x t T y p e M g O a i 2 o 3 S i 0 2 P2O5 S 0 3 k 2 o C a O T i 0 2 v 2 o 5 M n O F e O C u O Z n O S r O Y Z r 0 2 B a O
B Y C - 2 1 9 Q F 0 . 2 3 3 . 1 1 0 . 9 1 . 6 4 0 . 3 8 0 . 0 5 0 . 3 8 0 . 1 6 0 . 0 0 0 . 4 8 8 2 . 3 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
B Y C - 2 2 0 Q F * 0 . 4 8 4 . 0 1 6 . 6 0 . 0 9 0 . 3 8 0 . 1 4 0 . 2 1 0 . 2 5 0 . 0 0 0 . 4 7 7 7 . 0 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 8
B Y C - 2 2 1 Q P C B 0 . 3 6 4 . 1 1 4 . 3 1 . 2 6 0 . 2 7 0 . 2 1 0 . 3 7 0 . 1 6 0 . 0 0 0 . 4 5 7 8 . 1 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 6
B Y C - 2 2 2 Q P C B 0 . 4 4 4 . 9 1 7 . 8 1 . 1 1 0 . 3 3 0 . 4 6 0 . 3 3 0 . 2 3 0 . 0 0 0 . 4 8 7 3 . 4 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 1 2
B Y C - 2 2 5 / 2 3 1 b Q F 0 . 5 1 2 . 7 1 0 . 0 1 . 6 0 0 . 2 1 0 . 0 8 0 . 2 3 0 . 1 3 0 . 0 0 0 . 3 5 8 3 . 9 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
B Y C - 2 3 5 Q F 0 . 3 8 3 . 4 1 2 . 8 1 . 6 4 0 . 2 6 0 . 0 8 0 . 1 9 0 . 2 1 0 . 0 0 0 . 4 0 8 0 . 2 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
B Y C - 2 3 6 Q F 0 . 3 7 3 . 6 1 2 . 9 1 . 3 6 0 . 3 1 0 . 1 3 0 . 2 4 0 . 2 2 0 . 0 0 0 . 6 3 8 0 . 0 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 1
B Y C - 2 3 7 Q F 0 . 1 6 3 . 1 1 0 . 8 1 . 5 1 0 . 1 6 0 . 1 3 0 . 2 9 0 . 1 3 0 . 0 0 0 . 3 7 8 3 . 0 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 1
B Y C - 2 3 8 Q F 0 . 1 1 2 . 4 9 . 3 1 . 6 3 0 . 1 9 0 . 0 5 0 . 2 4 0 . 1 1 0 . 0 0 0 . 3 5 8 5 . 2 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
B Y C - 2 3 9 Q F 0 . 1 9 2 . 8 8 . 8 1 . 5 2 0 . 4 2 0 . 0 5 0 . 2 0 0 . 1 4 0 . 0 0 0 . 4 8 8 5 . 1 0 . 0 0 0 . 0 1 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0
B Y C - 2 4 0 0 . F 0 . 4 1 4 . 8 1 4 . 4 1 . 2 6 0 . 4 4 0 . 3 0 0 . 3 4 0 . 2 4 0 . 0 0 0 . 5 0 7 6 . 9 0 . 0 0 0 . 0 0 0 . 0 0 0 0 . 0 0 0 . 0 1 0 . 0 0 4
Table 
D.3: 
(continued)
Table D.4: Abridged PCA report for Bryn y Castell smelting slag
scores S p e c i m e n PC01 PC02 PC03 PC04 PC05 PC06
original B Y C - 2 9 2 1 . 1 0 0 . 6 0 1 . 4 3 1 . 5 0 2 . 2 0 - 0 . 3 9
B Y C - 2 6 3 0 . 3 4 - 3 . 1 2 - 2 . 7 9 0 . 7 8 0 . 0 9 - 1 . 2 3
B Y C - 2 6 5 - 2 . 9 5 1 . 6 0 - 0 . 6 2 0 . 4 1 0 . 7 9 0 . 6 8
B Y C - 2 6 6 - 2 . 6 2 1 . 3 1 1 . 0 6 0 . 6 2 - 0 . 7 3 - 0 . 7 2
B Y C - 2 6 7 - 4 . 2 9 - 2 . 1 9 0 . 6 3 - 0 . 2 1 - 0 . 6 0 - 0 . 3 1
B Y C - 2 6 9 - 2 . 5 5 - 1 . 3 5 0 . 3 5 - 0 . 8 7 0 . 8 8 - 0 . 0 5
B Y C - 2 7 2 - 0 . 9 7 1 . 9 5 - 2 . 1 6 - 0 . 8 4 - 0 . 1 2 0 . 3 6
B Y C - 2 7 4 - 0 . 3 8 1 . 8 9 - 2 . 2 2 0 . 3 3 0 . 3 6 0 . 7 3
B Y C - 2 5 6 2 . 0 3 - 0 . 1 3 - 1 . 1 8 - 1 . 9 6 0 . 3 3 - 0 . 6 2
B Y C - 2 6 1 1 . 1 1 2 . 2 3 - 0 . 0 8 0 . 5 2 - 1 . 2 3 - 0 . 3 2
B Y C - 2 3 2 0 . 6 5 - 2 . 1 9 - 0 . 0 7 0 . 7 8 - 0 . 7 7 1 . 3 4
B Y C - 2 3 4 1 . 5 3 0 . 2 7 1 . 1 7 - 1 . 2 2 0 . 3 6 0 . 0 9
B Y C - 2 8 0 1 . 0 8 - 1 . 4 5 0 . 3 1 0 . 2 1 0 . 4 3 0 . 7 8
B Y C - 2 8 2 0 . 9 6 - 1 . 5 4 1 . 6 7 - 1 . 1 9 0 . 0 0 0 . 3 8
B Y C - 2 2 6 1 . 3 0 1 . 7 8 0 . 6 6 - 0 . 1 6 0 . 0 6 - 0 . 6 5
B Y C - 2 4 3 - 0 . 6 4 1 . 0 5 1 . 6 9 - 0 . 4 7 - 0 . 7 9 - 0 . 1 4
B Y C - 2 5 0 2 . 5 8 - 0 . 3 2 - 0 . 2 8 - 0 . 4 0 - 0 . 6 8 0 . 1 4
B Y C - 2 4 0 1 . 7 2 - 0 . 3 8 0 . 4 2 2 . 1 6 - 0 . 5 8 - 0 . 0 7
scores S p e c i m e n PC01 PC02 PC03 PC04 PC05 PC06
normalised B Y C - 2 9 2 0 . 5 6 0 . 3 6 1 . 0 6 1 . 4 7 2 . 7 1 - 0 . 6 1
B Y C - 2 6 3 0 . 1 7 - 1 . 8 7 - 2 . 0 8 0 . 7 6 0 . 1 2 - 1 . 9 3
B Y C - 2 6 5 - 1 . 5 1 0 . 9 6 - 0 . 4 6 0 . 4 0 0 . 9 8 1 . 0 6
B Y C - 2 6 6 - 1 . 3 4 0 . 7 9 0 . 7 9 0 . 6 1 - 0 . 9 0 - 1 . 1 3
B Y C - 2 6 7 - 2 . 2 0 - 1 . 3 1 0 . 4 7 - 0 . 2 0 - 0 . 7 4 - 0 . 4 9
B Y C - 2 6 9 - 1 . 3 0 - 0 . 8 1 0 . 2 6 - 0 . 8 5 1 . 0 8 - 0 . 0 9
B Y C - 2 7 2 - 0 . 5 0 1 . 1 7 - 1 . 6 1 - 0 . 8 2 - 0 . 1 5 0 . 5 7
B Y C - 2 7 4 - 0 . 2 0 1 . 1 3 - 1 . 6 5 0 . 3 3 0 . 4 4 1 . 1 4
B Y C - 2 5 6 1 . 0 4 - 0 . 0 8 - 0 . 8 8 - 1 . 9 2 0 . 4 0 - 0 . 9 7
B Y C - 2 6 1 0 . 5 7 1 . 3 4 - 0 . 0 6 0 . 5 1 - 1 . 5 1 - 0 . 5 0
B Y C - 2 3 2 0 . 3 3 - 1 . 3 2 - 0 . 0 5 0 . 7 6 - 0 . 9 5 2 . 1 0
B Y C - 2 3 4 0 . 7 9 0 . 1 6 0 . 8 7 - 1 . 1 9 0 . 4 5 0 . 1 4
B Y C - 2 8 0 0 . 5 5 - 0 . 8 7 0 . 2 3 0 . 2 1 0 . 5 3 1 . 2 2
B Y C - 2 8 2 0 . 4 9 - 0 . 9 2 1 . 2 4 - 1 . 1 6 0 . 0 0 0 . 5 9
B Y C - 2 2 6 0 . 6 7 1 . 0 7 0 . 4 9 - 0 . 1 6 0 . 0 7 - 1 . 0 2
B Y C - 2 4 3 - 0 . 3 3 0 . 6 3 1 . 2 6 - 0 . 4 6 - 0 . 9 7 - 0 . 2 1
B Y C - 2 5 0 1 . 3 2 - 0 . 1 9 - 0 . 2 1 - 0 . 3 9 - 0 . 8 4 0 . 2 2
B Y C - 2 4 0 0 . 8 8 - 0 . 2 3 0 . 3 1 2 . 1 1 - 0 . 7 1 - 0 . 1 1
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loadings V a r i a b l e PC01 PC02 PC03 PC04 PC05 PC06
M g O 0 . 7 2 - 0 . 0 2 - 0 . 5 4 0 . 1 5 0 . 0 9 - 0 . 3 1
AI2O3 0 . 7 1 - 0 . 2 9 0 . 0 5 0 . 3 6 - 0 . 4 6 0 . 1 1
S i 0 2 - 0 . 2 6 0 . 8 5 - 0 . 3 3 0 . 1 6 0 . 0 6 0 . 2 0
P2O5 - 0 . 6 0 0 . 4 7 0 . 4 5 0 . 2 6 - 0 . 2 6 - 0 . 2 3
S 0 3 0 . 2 8 - 0 . 8 4 - 0 . 3 6 0 . 0 6 - 0 . 1 1 0 . 0 1
K 2 0 0 . 1 4 - 0 . 3 1 0 . 3 2 0 . 7 5 0 . 4 6 0 . 1 1
C a O - 0 . 7 2 - 0 . 4 8 0 . 0 1 0 . 1 5 - 0 . 3 2 0 . 2 0
T i 0 2 0 . 6 6 0 . 5 9 - 0 . 1 9 0 . 2 6 - 0 . 2 0 - 0 . 1 1
M n O - 0 . 5 8 - 0 . 3 4 - 0 . 7 1 - 0 . 0 2 0 . 0 8 - 0 . 0 3
F e O 0 . 5 8 - 0 . 3 6 0 . 6 4 - 0 . 3 1 0 . 0 5 - 0 . 0 8
B a O - 0 . 8 0 - 0 . 3 4 0 . 0 8 0 . 2 2 - 0 . 0 1 - 0 . 3 6
E i g e n v a l u e s 3 . 8 1 2 . 7 8 1 . 8 0 1 . 0 4 0 . 6 6 0 . 4 1
%  v a r i a t i o n 3 4 . 6 5 2 5 . 2 7 1 6 . 4 1 9 . 4 9 6 . 0 2 3 . 7 1
C u m u l a t i v e  % 3 4 . 6 5 5 9 . 9 2 7 6 . 3 3 8 5 . 8 2 9 1 . 8 3 9 5 . 5 4
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Appendix E: Llwyn Du Data and Statistical
Reports_______________________
Table E .l: Llwyn Du ore chemistry—all data reported as wt%
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Table E.2: Llwyn Du clay chemistry—all data reported as wt%
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S p e c i m e n C o n t e x t T y p e M g O a i 2 o 3 S i 0 2 P 2 O s s o 3 k 2 o C a O T i 0 2 v 2 o 5 M n O F e O Z n O R b 2 0 S r O Y Z r 0 2 B a O
M F C - L D - 0 0 1 A 1 A 0 . 4 0 8 . 7 2 3 . 2 0 . 3 9 0 . 2 8 1 . 4 4 1 . 7 0 0 . 4 7 0 . 0 4 7 . 8 6 5 4 . 5 0 . 0 0 0 . 0 0 0 . 0 0 8 0 . 0 0 3 0 . 0 2 0 . 1 3 7
M F C - L D - 0 0 2 A 1 C 0 . 3 7 8 . 6 2 5 . 9 0 . 1 8 0 . 2 6 1 . 5 5 1 . 2 1 0 . 5 7 0 . 0 5 1 3 . 5 5 4 6 . 8 0 . 0 0 0 . 0 0 0 . 0 1 1 0 . 0 0 2 0 . 0 2 0 . 2 1 5
M F C - L D - 0 0 3 A 1 F 1 . 0 1 9 . 2 3 4 . 2 0 . 8 9 0 . 4 3 2 . 2 4 5 . 3 3 0 . 6 2 0 . 0 6 9 . 3 4 3 5 . 5 0 . 0 0 0 . 0 0 0 . 0 2 7 0 . 0 1 3 0 . 0 2 0 . 3 8 0
M F C - L D - 0 2 0 A 1 C 0 . 3 0 9 . 6 2 6 . 1 0 . 2 5 0 . 2 9 1 . 3 3 1 . 4 7 0 . 5 6 0 . 0 5 8 . 5 5 5 0 . 5 0 . 0 0 0 . 0 0 0 . 0 0 7 0 . 0 0 2 0 . 0 2 0 . 1 2 2
M F C - L D - 0 2 9 A 1 B 0 . 5 9 8 . 9 2 0 . 3 0 . 1 6 0 . 3 9 1 . 3 7 1 . 5 4 0 . 6 8 0 . 0 9 2 3 . 4 1 4 1 . 1 0 . 0 0 0 . 0 0 0 . 0 2 3 0 . 0 0 3 0 . 0 1 0 . 5 6 2
M F C - L D - 0 3 6 A 1 C 0 . 5 1 1 0 . 5 2 5 . 8 0 . 2 7 0 . 2 6 1 . 6 8 1 . 7 4 0 . 5 1 0 . 0 4 5 . 9 1 5 1 . 6 0 . 0 0 0 . 0 0 0 . 0 1 0 0 . 0 0 3 0 . 0 2 0 . 1 2 6
M F C - L D - 0 1 2 A 2 A 0 . 3 9 1 0 . 1 2 1 . 5 0 . 4 5 0 . 2 6 1 . 2 6 1 . 2 6 0 . 4 6 0 . 0 5 1 1 . 2 6 5 2 . 1 0 . 0 0 0 . 0 0 0 . 0 1 2 0 . 0 0 5 0 . 0 1 0 . 1 9 2
M F C - L D - 0 1 4 A 2 F 0 . 5 4 9 . 4 2 6 . 4 0 . 1 7 0 . 1 2 1 . 4 7 3 . 2 8 0 . 6 0 0 . 0 6 1 5 . 5 0 4 1 . 5 0 . 0 0 0 . 0 0 0 . 0 1 6 0 . 0 0 2 0 . 0 2 0 . 3 0 4
M F C - L D - 0 1 6 A 2 B 0 . 3 6 1 0 . 3 2 1 . 6 0 . 3 5 0 . 2 5 1 . 1 0 1 . 1 7 0 . 4 3 0 . 0 5 1 0 . 0 2 5 3 . 4 0 . 0 0 0 . 0 0 0 . 0 1 1 0 . 0 0 5 0 . 0 1 0 . 1 6 4
M F C - L D - 0 1 0 B 1 A 0 . 6 6 9 . 2 2 7 . 6 0 . 0 9 0 . 2 0 1 . 6 1 2 . 2 4 0 . 4 2 0 . 0 2 5 . 7 8 5 1 . 1 0 . 0 0 0 . 0 0 0 . 0 1 4 0 . 0 0 3 0 . 0 1 0 . 1 1 7
M F C - L D - 0 1 9 B 1 F 0 . 6 4 1 0 . 4 3 0 . 4 0 . 0 9 0 . 1 7 1 . 8 0 2 . 2 7 0 . 5 1 0 . 0 4 9 . 5 2 4 3 . 0 0 . 0 0 0 . 0 0 0 . 0 1 7 0 . 0 0 4 0 . 0 2 0 . 2 0 0
M F C - L D - 0 2 2 B 1 F 0 . 4 2 1 0 . 6 2 6 . 3 0 . 1 8 0 . 2 9 1 . 5 6 1 . 2 2 0 . 5 5 0 . 0 5 9 . 9 4 4 7 . 6 0 . 0 0 0 . 0 0 0 . 0 1 2 0 . 0 0 2 0 . 0 2 0 . 1 2 6
M F C - L D - 0 2 4 B 1 A 0 . 5 4 7 . 8 2 5 . 1 0 . 1 3 0 . 2 3 1 . 2 2 1 . 8 8 0 . 4 4 0 . 0 2 7 . 8 2 5 3 . 7 0 . 0 0 0 . 0 0 0 . 0 1 4 0 . 0 0 2 0 . 0 1 0 . 1 0 2
M F C - L D - 0 2 7 B 1 B 0 . 4 8 9 . 7 2 8 . 7 0 . 0 4 0 . 2 4 1 . 3 9 1 . 6 1 0 . 4 2 0 . 0 2 5 . 9 7 5 0 . 7 0 . 0 0 0 . 0 0 0 . 0 1 2 0 . 0 0 2 0 . 0 1 0 . 1 2 0
M F C - L D - 0 0 7 B 2 E 0 . 3 6 1 1 . 5 2 5 . 2 0 . 1 7 0 . 3 8 1 . 8 2 1 . 9 3 0 . 5 4 0 . 0 5 1 3 . 6 9 4 3 . 3 0 . 0 0 0 . 0 0 0 . 0 1 9 0 . 0 0 4 0 . 0 2 0 . 2 2 9
M F C - L D - 0 0 9 B 2 B 0 . 5 4 1 1 . 2 2 5 . 7 0 . 3 2 0 . 3 2 1 . 8 5 1 . 6 1 0 . 5 0 0 . 0 4 1 1 . 1 2 4 6 . 0 0 . 0 0 0 . 0 0 0 . 0 1 9 0 . 0 0 2 0 . 0 1 0 . 1 3 9
M F C - L D - 0 1 5 B 2 B 0 . 4 2 7 . 3 2 2 . 1 0 . 1 9 0 . 3 7 1 . 2 8 1 . 8 9 0 . 4 3 0 . 0 3 1 1 . 1 5 5 4 . 0 0 . 0 0 0 . 0 0 0 . 0 1 6 0 . 0 0 2 0 . 0 1 0 . 1 5 4
M F C - L D - 0 2 3 B 2 A 0 . 3 0 7 . 0 2 1 . 9 0 . 3 6 0 . 4 1 1 . 1 0 1 . 0 5 0 . 4 4 0 . 0 5 2 1 . 9 8 4 4 . 5 0 . 0 0 0 . 0 0 0 . 0 1 9 0 . 0 0 1 0 . 0 1 0 . 1 5 5
M F C - L D - 0 2 6 B 2 A 0 . 4 7 8 . 3 2 7 . 6 0 . 1 0 0 . 1 9 1 . 4 5 1 . 6 1 0 . 5 0 0 . 0 3 8 . 5 9 5 0 . 3 0 . 0 0 0 . 0 0 0 . 0 1 2 0 . 0 0 2 0 . 0 2 0 . 1 3 2
M F C - L D - 0 0 4 B 3 A 0 . 4 2 1 0 . 3 2 8 . 1 0 . 1 7 0 . 3 1 1 . 4 2 1 . 1 0 0 . 5 5 0 . 0 4 9 . 2 2 4 7 . 4 0 . 0 0 0 . 0 0 0 . 0 1 3 0 . 0 0 2 0 . 0 2 0 . 1 4 0
M F C - L D - 0 0 5 B 3 A 0 . 5 0 1 1 . 0 2 8 . 2 0 . 0 9 0 . 3 5 1 . 6 4 0 . 9 4 0 . 7 0 0 . 0 6 1 2 . 9 9 4 2 . 3 0 . 0 0 0 . 0 0 0 . 0 0 8 0 . 0 0 2 0 . 0 2 0 . 3 0 2
M F C - L D - 0 0 6 B 3 B 0 . 3 5 8 . 0 2 4 . 1 0 . 1 0 0 . 2 8 1 . 3 7 1 . 2 2 0 . 5 1 0 . 0 3 8 . 1 5 5 4 . 8 0 . 0 0 0 . 0 0 0 . 0 1 4 0 . 0 0 2 0 . 0 2 0 . 2 1 5
M F C - L D - 0 1 8 B 3 B 0 . 6 8 1 1 . 8 2 7 . 9 0 . 1 9 0 . 2 6 1 . 5 3 1 . 8 6 0 . 5 3 0 . 0 3 6 . 2 7 4 8 . 0 0 . 0 0 0 . 0 0 0 . 0 1 3 0 . 0 0 2 0 . 0 2 0 . 0 8 7
M F C - L D - 0 2 5 B 3 B 0 . 3 4 7 . 2 2 2 . 7 0 . 0 9 0 . 2 9 0 . 8 3 1 . 0 5 0 . 3 2 0 . 0 1 4 . 9 2 6 1 . 4 0 . 0 0 0 . 0 0 0 . 0 0 6 0 . 0 0 2 0 . 0 1 0 . 0 6 6
M F C - L D - 0 2 8 B 3 B 0 . 5 4 8 . 6 2 4 . 4 0 . 1 6 0 . 2 6 1 . 5 8 2 . 2 8 0 . 4 8 0 . 0 4 1 3 . 2 4 4 7 . 4 0 . 0 1 0 . 0 0 0 . 0 1 8 0 . 0 1 3 0 . 0 1 0 . 1 1 5
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Specimen Context Type MgO ai2o 3 Si02 P2O5 SOj k2o CaO Ti02 V2Os MnO FeO ZnO Rb20 SrO Y Zr02 BaO
MFC-LD-034 C1 B 0.22 8.0 20.7 0.24 0.32 0.98 0.61 0.44 0.04 10.30 57.2 0.00 0.00 0.005 0.001 0.01 0.191
MFC-LD-035 C1 B 0.19 8.6 19.3 0.31 0.42 0.86 0.48 0.46 0.07 12.83 55.6 0.00 0.00 0.014 0.002 0.01 0.215
MFC-LD-037 C1 B 0.39 9.4 31.6 0.06 0.25 1.45 0.94 0.58 0.03 6.67 47.7 0.00 0.00 0.007 0.002 0.02 0.115
MFC-LD-039 C1 F 0.53 17.5 26.3 0.11 0.34 1.49 1.63 0.54 0.08 10.16 40.3 0.00 0.00 0.014 0.005 0.02 0.089
MFC-LD-040 C1 F 0.50 13.2 28.3 0.26 0.22 1.39 1.07 0.60 0.06 9.36 43.9 0.00 0.00 0.008 0.002 0.02 0.201
MFC-LD-041 C1 B 0.31 7.0 23.0 0.10 0.21 0.84 0.31 0.47 0.03 12.22 54.6 0.00 0.00 0.005 0.001 0.01 0.063
MFC-LD-043 C1 B 0.54 8.2 23.9 0.26 0.27 1.80 2.06 0.46 0.04 7.57 53.8 0.00 0.00 0.012 0.002 0.01 0.213
MFC-LD-044 C1 B 0.28 9.1 25.9 0.13 0.48 1.09 0.65 0.49 0.05 7.14 53.7 0.00 0.00 0.007 0.002 0.02 0.112
MFC-LD-045 C1 B 0.62 6.0 19.4 0.21 0.13 1.06 1.17 0.28 0.00 1.59 68.8 0.00 0.00 0.005 0.001 0.01 0.035
MFC-LD-046 C1 B 0.23 8.5 22.3 0.21 0.42 0.95 0.67 0.51 0.04 11.48 53.7 0.00 0.00 0.006 0.002 0.01 0.192
MFC-LD-047 C1 A 0.34 9.4 29.8 0.13 0.27 1.74 1.27 0.58 0.03 8.98 46.5 0.00 0.00 0.009 0.002 0.02 0.119
MFC-LD-048 C1 F 0.45 15.3 28.0 0.38 0.35 1.27 1.17 0.40 0.04 5.62 46.2 0.00 0.00 0.010 0.003 0.01 0.097
MFC-LD-049 C1 A 0.41 8.2 28.2 0.30 0.11 2.08 1.02 0.74 0.09 14.82 42.5 0.00 0.00 0.009 0.001 0.01 0.516
MFC-LD-050 C1 B 0.60 11.4 30.6 0.01 0.36 1.34 0.80 0.44 0.02 2.89 50.7 0.00 0.00 0.007 0.004 0.01 0.071
MFC-LD-051 C1 A 0.37 8.0 21.8 0.24 0.28 1.17 1.05 0.48 0.04 10.09 55.4 0.00 0.00 0.011 0.002 0.01 0.295
MFC-LD-008 C2 B 0.55 8.3 23.0 0.16 0.28 1.48 2.07 0.52 0.05 16.86 45.7 0.00 0.00 0.025 0.004 0.01 0.309
MFC-LD-011 C2 A 0.35 8.8 30.4 0.07 0.14 1.58 0.75 0.57 0.04 11.51 44.7 0.00 0.00 0.011 0.002 0.02 0.164
MFC-LD-013 C2 A 0.19 7.0 22.1 0.17 0.70 0.82 0.31 0.46 0.02 9.49 58.2 0.00 0.00 0.005 0.001 0.02 0.078
MFC-LD-017 C2 F 0.29 12.4 33.3 0.06 0.39 1.51 0.66 0.50 0.03 4.08 46.0 0.00 0.00 0.007 0.002 0.02 0.060
MFC-LD-021 C2 A 0.25 9.8 33.1 0.06 0.27 1.61 0.69 0.62 0.04 9.11 43.6 0.00 0.00 0.010 0.002 0.02 0.126
MFC-LD-030 C2 F 0.71 16.1 31.4 0.09 0.20 1.50 1.01 0.65 0.06 3.31 43.6 0.00 0.00 0.007 0.003 0.02 0.068
MFC-LD-031 C2 B 0.19 8.5 23.3 0.09 0.44 0.79 0.39 0.43 0.03 9.46 55.9 0.00 0.00 0.005 0.002 0.01 0.116
MFC-LD-032 C2 B 0.52 13.6 28.1 0.10 0.27 2.05 1.27 0.55 0.04 3.59 48.9 0.00 0.00 0.009 0.003 0.02 0.056
MFC-LD-033 C2 B 0.62 7.8 23.7 0.28 0.35 1.32 1.77 0.38 0.02 4.63 58.4 0.00 0.00 0.010 0.002 0.01 0.075
MFC-LD-038 C2 B 0.35 10.0 32.1 0.05 0.27 1.45 0.92 0.59 0.03 7.53 45.5 0.00 0.00 0.007 0.002 0.02 0.110
MFC-LD-042 C2 B 0.45 8.7 21.5 0.49 0.38 0.91 0.82 0.55 0.07 17.93 47.1 0.00 0.00 0.016 0.002 0.01 0.358
Table 
E.3: 
(continued)
Table E.4: Abridged PCA report for Llwyn Du lineage data
scores S p e c i m e n PC01 PC 02 PC03 PC04 PC05 PC06 PC07
original M F C - L D - 0 0 1 - 1 . 0 3 - 0 . 3 9 1 . 0 8 0 . 2 5 1 . 5 0 - 0 . 9 8 - 0 . 4 4
M F C - L D - 0 0 2 0 . 6 4 - 0 . 7 0 - 0 . 7 4 - 0 . 8 1 0 . 1 6 - 0 . 3 5 0 . 0 7
M F C - L D - 0 2 0 - 0 . 4 9 0 . 3 0 - 0 . 5 3 - 0 . 1 4 0 . 7 7 - 0 . 7 7 0 . 0 5
M F C - L D - 0 2 9 2 . 7 8 - 5 . 0 4 - 0 . 9 4 - 0 . 1 5 - 1 . 1 6 1 . 9 8 - 0 . 7 9
M F C - L D - 0 3 6 0 . 5 4 0 . 7 0 1 . 0 7 0 . 3 3 0 . 9 2 - 0 . 4 9 - 0 . 6 2
M F C - L D - 0 1 2 - 0 . 9 4 - 1 . 4 8 0.68 0 . 8 5 1 . 8 3 - 0 . 4 2 0 . 3 9
M F C - L D - 0 1 4 3 . 3 5 - 1 . 6 5 1 . 5 0 - 1 . 0 1 - 0 . 2 1 - 0 . 0 8 0 . 8 0
M F C - L D - 0 1 6 - 1 . 4 8 - 0 . 8 3 0 . 6 1 0 . 5 7 1 . 2 5 - 0 . 0 4 0 . 7 5
M F C - L D - 0 1 0 1.12 1.20 2 . 5 1 - 0 . 4 0 - 0 . 7 4 0.12 - 0 . 1 7
M F C - L D - 0 1 9 3 . 1 7 0 . 5 7 1 . 4 4 - 0 . 4 2 - 0 . 7 2 - 0 . 0 6 0.22
M F C - L D - 0 2 2 0 . 6 5 0 . 3 0 - 0 . 3 9 0 . 2 3 0 . 0 6 - 0 . 2 6 0.00
M F C - L D - 0 2 4 - 0 . 3 6 0 . 2 8 1 . 9 2 - 0 . 5 5 - 0 . 7 8 0.21 0 . 3 4
M F C - L D - 0 2 7 0 . 1 6 1 . 4 4 0 . 9 7 - 0 . 4 3 - 0 . 9 8 0 . 0 5 0 . 3 0
M F C - L D - 0 0 7 1 . 9 5 - 1 . 3 3 - 0 . 2 7 1 . 0 3 - 1 . 0 7 - 1 . 0 3 - 0 . 4 3
M F C - L D - 0 0 9 1.66 - 0 . 7 4 0 . 9 6 1 . 4 6 0 . 1 4 - 0 . 8 7 - 0 . 2 8
M F C - L D - 0 1 5 - 0 . 9 8 - 1 . 2 9 1 . 4 0 0 . 1 4 - 1 . 1 8 - 0 . 4 3 - 0 . 2 9
M F C - L D - 0 2 3 - 0 . 9 3 - 3 . 5 2 - 0 . 4 6 0 . 9 5 - 0 . 8 1 - 1 . 0 2 1 . 3 3
M F C - L D - 0 2 6 0 . 4 7 0.68 0 . 7 8 - 1 . 1 0 - 0 . 3 6 - 0 . 1 5 0 . 3 5
M F C - L D - 0 0 4 0 . 5 6 0 . 3 5 - 0 . 5 9 0.21 - 0 . 2 6 - 0 . 1 1 0.12
M F C - L D - 0 0 5 2.11 - 0 . 1 5 - 2 . 1 9 - 0 . 3 8 0 . 0 6 0 . 9 9 - 0 . 9 2
M F C - L D - 0 0 6 - 0 . 6 4 - 0 . 2 7 0 . 1 5 - 1 . 0 0 - 0 . 5 6 0.02 - 0 . 3 9
M F C - L D - 0 1 8 1 . 5 4 1.20 1 . 3 7 0 . 8 4 0 . 0 9 0 . 4 9 - 0 . 1 0
M F C - L D - 0 2 5 - 3 . 7 1 1.12 1 . 1 4 - 0 . 8 3 - 0 . 6 0 0 . 4 0 0 . 3 7
M F C - L D - 0 2 8 1 . 2 4 - 0 . 8 3 1 . 7 4 0 . 0 7 - 1 . 1 1 - 0 . 5 3 0 . 3 1
M F C - L D - 0 3 4 - 3 . 0 9 - 0 . 7 3 - 0 . 6 4 - 0 . 5 4 0 . 6 9 0.11 0 . 1 4
M F C - L D - 0 3 5 - 2 . 9 5 - 2 . 2 3 - 0 . 8 9 0 . 6 5 0 . 0 9 0.00 0 . 2 6
M F C - L D - 0 3 7 0 . 5 1 1 . 8 9 - 1 . 1 8 - 1 . 0 5 - 0 . 1 9 - 0 . 0 9 0 . 1 5
M F C - L D - 0 3 9 2 . 1 9 1 . 0 9 - 0 . 4 4 2 . 6 5 - 0 . 5 3 0 . 7 5 0 . 7 6
M F C - L D - 0 4 0 1 . 4 7 0 . 6 0 - 0 . 9 1 0 . 6 1 1 . 4 9 0 . 6 7 0 . 5 0
M F C - L D - 0 4 1 - 2 . 6 6 0 . 2 7 - 0 . 7 2 - 1 . 4 8 0.00 0 . 6 5 1 . 4 3
M F C - L D - 0 4 3 0 . 3 8 - 0 . 3 3 1 . 8 9 - 0 . 3 2 0 . 5 2 - 0 . 5 9 - 1 . 2 7
M F C - L D - 0 4 4 - 2 . 2 4 0 . 6 4 - 1 . 4 4 0 . 4 1 - 0 . 7 4 - 0 . 0 4 - 0 . 6 4
M F C - L D - 0 4 5 - 3 . 7 5 1 . 4 4 3 . 7 3 - 1 . 3 8 1 . 1 3 0 . 9 8 - 0 . 0 8
M F C - L D - 0 4 6 - 2 . 5 1 - 0 . 7 9 - 1 . 5 3 - 0 . 0 9 0 . 1 6 0 . 2 3 - 0 . 1 7
M F C - L D - 0 4 7 0 . 9 6 1 . 0 6 - 1 . 0 2 - 0 . 7 0 0.01 - 1 . 0 4 - 0 . 2 1
M F C - L D - 0 4 8 - 0 . 1 4 1.11 0 . 0 3 2 . 8 4 1 . 2 6 - 0 . 2 2 0 . 6 5
M F C - L D - 0 4 9 3 . 2 7 - 1 . 9 1 - 1 . 7 9 - 2 . 4 1 2 . 5 1 - 0 . 1 7 - 0 . 9 9
M F C - L D - 0 5 0 - 0 . 3 2 2 . 9 1 - 0 . 0 7 0 . 4 5 - 0 . 8 7 1.10 - 0 . 4 4
M F C - L D - 0 5 1 - 1 . 3 3 - 1 . 3 5 0 . 2 4 - 0 . 6 8 0 . 5 3 0 . 5 0 - 0 . 2 9
M F C - L D - 0 0 8 1 . 9 7 - 2 . 8 9 1 . 3 0 - 0 . 0 7 - 1 . 5 4 0 . 2 5 0.20
M F C - L D - 0 1 1 1.22 0 . 7 9 - 1 . 2 4 - 1 . 7 1 - 0 . 0 2 - 0 . 3 3 1 . 0 3
M F C - L D - 0 1 3 - 4 . 5 9 - 0 . 4 1 - 2 . 0 9 1 . 0 6 - 1 . 3 9 - 0 . 1 3 - 1 . 5 0
M F C - L D - 0 1 7 - 0 . 0 1 2 . 8 3 - 2 . 0 4 0 . 6 2 - 0 . 5 8 - 0 . 6 8 - 0 . 0 8
M F C - L D - 0 2 1 1 . 1 4 1 . 4 3 - 2 . 4 1 - 0 . 9 5 - 0 . 4 9 - 0 . 9 2 0 . 3 7
M F C - L D - 0 3 0 2 . 5 2 3 . 2 6 - 0 . 6 1 1 . 0 9 0 . 9 5 1 . 7 5 0 . 2 7
M F C - L D - 0 3 1 - 3 . 5 5 0 . 3 0 - 1 . 5 8 - 0 . 1 5 - 0 . 7 5 0 . 3 6 0 . 1 9
M F C - L D - 0 3 2 1 . 5 6 2 . 5 8 0 . 0 5 0 . 6 7 0 . 3 6 - 0 . 3 2 - 0 . 9 0
M F C - L D - 0 3 3 - 1 . 5 5 0 . 5 0 2 . 4 6 0 . 5 5 0 . 1 6 0.01 - 0 . 9 8
M F C - L D - 0 3 8 0 . 7 1 1.86 - 1 . 6 3 - 0 . 7 8 - 0 . 3 1 - 0 . 2 4 0 . 3 0
M F C - L D - 0 4 2 - 0 . 5 7 - 3 . 8 4 - 0 . 7 0 1 . 0 3 1 . 3 1 0 . 7 3 0 . 3 0
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scores S p e c i m e n PC01 PC02 PC03 PC04 PC05 PC06 PC07
normalised M F C - L D - 0 0 1 - 0 . 5 2 - 0 . 2 3 0.77 0 . 2 5 1 . 6 5 - 1 . 4 7 - 0 . 7 1
M F C - L D - 0 0 2 0 . 3 2 - 0 . 4 1 - 0 . 5 3 - 0 . 8 1 0 . 1 8 - 0 . 5 3 0.11
M F C - L D - 0 2 0 - 0 . 2 5 0 . 1 8 - 0 . 3 8 - 0 . 1 4 0 . 8 4 - 1 . 1 6 0 . 0 8
M F C - L D - 0 2 9 1 . 4 1 - 2 . 9 6 - 0 . 6 7 - 0 . 1 4 - 1 . 2 7 2 . 9 7 - 1 . 2 9
M F C - L D - 0 3 6 0 . 2 7 0 . 4 1 0 . 7 7 0 . 3 3 1.01 - 0 . 7 4 - 1 . 0 1
M F C - L D - 0 1 2 - 0 . 4 8 - 0 . 8 7 0 . 4 9 0 . 8 5 2.01 - 0 . 6 3 0 . 6 3
M F C - L D - 0 1 4 1 . 6 9 - 0 . 9 7 1 . 0 8 - 1 . 0 0 - 0 . 2 3 - 0 . 1 3 1 . 3 0
M F C - L D - 0 1 6 - 0 . 7 5 - 0 . 4 9 0 . 4 4 0 . 5 7 1 . 3 7 - 0 . 0 6 1.21
M F C - L D - 0 1 0 0 . 5 7 0 . 7 0 1 . 8 0 - 0 . 4 0 - 0 . 8 1 0 . 1 9 - 0 . 2 7
M F C - L D - 0 1 9 1 . 6 0 0 . 3 3 1 . 0 3 - 0 . 4 2 - 0 . 8 0 - 0 . 0 8 0 . 3 6
M F C - L D - 0 2 2 0 . 3 3 0 . 1 8 - 0 . 2 8 0 . 2 3 0 . 0 7 - 0 . 3 9 0.00
M F C - L D - 0 2 4 - 0 . 1 8 0 . 1 6 1 . 3 8 - 0 . 5 5 - 0 . 8 6 0 . 3 2 0 . 5 4
M F C - L D - 0 2 7 0 . 0 8 0 . 8 5 0 . 6 9 - 0 . 4 3 - 1 . 0 8 0 . 0 8 0 . 4 8
M F C - L D - 0 0 7 0 . 9 9 - 0 . 7 8 - 0 . 1 9 1 . 0 3 - 1 . 1 8 - 1 . 5 4 - 0 . 6 9
M F C - L D - 0 0 9 0 . 8 4 - 0 . 4 3 0 . 6 9 1 . 4 6 0 . 1 5 - 1 . 3 1 - 0 . 4 5
M F C - L D - 0 1 5 - 0 . 5 0 - 0 . 7 6 1.00 0 . 1 4 - 1 . 3 0 - 0 . 6 4 - 0 . 4 7
M F C - L D - 0 2 3 - 0 . 4 7 - 2 . 0 7 - 0 . 3 3 0 . 9 5 - 0 . 8 9 - 1 . 5 3 2 . 1 5
M F C - L D - 0 2 6 0 . 2 4 0 . 4 0 0 . 5 6 - 1 . 1 0 - 0 . 3 9 - 0 . 2 3 0 . 5 6
M F C - L D - 0 0 4 0 . 2 9 0.20 - 0 . 4 2 0.21 - 0 . 2 9 - 0 . 1 7 0.20
M F C - L D - 0 0 5 1 . 0 7 - 0 . 0 9 - 1 . 5 7 - 0 . 3 8 0 . 0 6 1 . 4 8 - 1 . 4 9
M F C - L D - 0 0 6 - 0 . 3 2 - 0 . 1 6 0.11 - 1 . 0 0 - 0 . 6 1 0 . 0 3 - 0 . 6 4
M F C - L D - 0 1 8 0 . 7 8 0 . 7 0 0 . 9 8 0 . 8 4 0.10 0 . 7 3 - 0 . 1 6
M F C - L D - 0 2 5 - 1 . 8 8 0.66 0 . 8 1 - 0 . 8 2 - 0 . 6 7 0 . 6 0 0 . 6 0
M F C - L D - 0 2 8 0 . 6 3 - 0 . 4 9 1 . 2 5 0 . 0 7 - 1 . 2 2 - 0 . 8 0 0 . 5 0
M F C - L D - 0 3 4 - 1 . 5 6 - 0 . 4 3 - 0 . 4 6 - 0 . 5 3 0 . 7 6 0 . 1 6 0 . 2 3
M F C - L D - 0 3 5 - 1 . 4 9 - 1 . 3 1 - 0 . 6 4 0 . 6 5 0.10 0.00 0 . 4 3
M F C - L D - 0 3 7 0 . 2 6 1.11 - 0 . 8 4 - 1 . 0 5 - 0 . 2 1 - 0 . 1 4 0 . 2 4
M F C - L D - 0 3 9 1.11 0 . 6 4 - 0 . 3 2 2 . 6 4 - 0 . 5 9 1 . 1 3 1 . 2 4
M F C - L D - 0 4 0 0 . 7 4 0 . 3 5 - 0 . 6 5 0 . 6 1 1 . 6 4 1.00 0 . 8 1
M F C - L D - 0 4 1 - 1 . 3 5 0 . 1 6 - 0 . 5 1 - 1 . 4 7 0.00 0 . 9 7 2 . 3 2
M F C - L D - 0 4 3 0 . 1 9 - 0 . 1 9 1 . 3 5 - 0 . 3 2 0 . 5 7 - 0 . 8 8 - 2 . 0 6
M F C - L D - 0 4 4 - 1 . 1 4 0 . 3 7 - 1 . 0 3 0 . 4 1 - 0 . 8 1 - 0 . 0 5 - 1 . 0 4
M F C - L D - 0 4 5 - 1 . 9 0 0 . 8 5 2 . 6 7 - 1 . 3 8 1 . 2 5 1 . 4 7 - 0 . 1 3
M F C - L D - 0 4 6 - 1 . 2 7 - 0 . 4 6 - 1 . 1 0 - 0 . 0 9 0 . 1 7 0 . 3 5 - 0 . 2 7
M F C - L D - 0 4 7 0 . 4 8 0 . 6 2 - 0 . 7 3 - 0 . 7 0 0.01 - 1 . 5 7 - 0 . 3 4
M F C - L D - 0 4 8 - 0 . 0 7 0 . 6 5 0.02 2 . 8 3 1 . 3 9 - 0 . 3 3 1 . 0 6
M F C - L D - 0 4 9 1.66 - 1 . 1 2 - 1 . 2 9 - 2 . 4 1 2 . 7 7 - 0 . 2 5 - 1 . 6 0
M F C - L D - 0 5 0 - 0 . 1 6 1 . 7 1 - 0 . 0 5 0 . 4 4 - 0 . 9 6 1.66 - 0 . 7 1
M F C - L D - 0 5 1 - 0 . 6 7 - 0 . 7 9 0 . 1 7 - 0 . 6 8 0 . 5 9 0 . 7 5 - 0 . 4 6
M F C - L D - 0 0 8 1.00 - 1 . 7 0 0 . 9 3 - 0 . 0 7 - 1 . 7 0 0 . 3 7 0 . 3 3
M F C - L D - 0 1 1 0 . 6 2 0 . 4 7 - 0 . 8 9 - 1 . 7 1 - 0 . 0 2 - 0 . 5 0 1 . 6 7
M F C - L D - 0 1 3 - 2 . 3 2 - 0 . 2 4 - 1 . 5 0 1 . 0 5 - 1 . 5 4 - 0 . 1 9 - 2 . 4 3
M F C - L D - 0 1 7 - 0 . 0 1 1.66 - 1 . 4 6 0 . 6 2 - 0 . 6 4 - 1 . 0 2 - 0 . 1 3
M F C - L D - 0 2 1 0 . 5 8 0 . 8 4 - 1 . 7 3 - 0 . 9 5 - 0 . 5 3 - 1 . 3 8 0 . 6 0
M F C - L D - 0 3 0 1 . 2 7 1 . 9 1 - 0 . 4 3 1 . 0 8 1 . 0 4 2 . 6 3 0 . 4 5
M F C - L D - 0 3 1 - 1 . 8 0 0 . 1 7 - 1 . 1 3 - 0 . 1 5 - 0 . 8 2 0 . 5 4 0 . 3 0
M F C - L D - 0 3 2 0 . 7 9 1 . 5 2 0 . 0 3 0 . 6 7 0 . 4 0 - 0 . 4 8 - 1 . 4 6
M F C - L D - 0 3 3 - 0 . 7 8 0 . 3 0 1 . 7 6 0 . 5 5 0 . 1 7 0.02 - 1 . 5 9
M F C - L D - 0 3 8 0 . 3 6 1 . 0 9 - 1 . 1 7 - 0 . 7 8 - 0 . 3 4 - 0 . 3 5 0 . 4 9
M F C - L D - 0 4 2 - 0 . 2 9 - 2 . 2 6 - 0 . 5 0 1.02 1 . 4 4 1.10 0 . 4 9
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loadings Variable PC01 PC02 PC03 PC04 PCP5 PC06 PC07
M g O 0 . 5 7 0 . 1 6 0 . 6 4 0 . 1 3 0 . 0 3 0 . 4 0 - 0 . 1 2
A I 2O 3 0 . 5 0 0 . 4 4 - 0 . 2 0 0 . 6 4 0 . 1 7 0 . 1 6 0 . 1 0
S 1O 2 0 . 5 7 0 . 6 8 - 0 . 3 1 - 0 . 0 9 - 0 . 0 7 - 0 . 1 4 0 . 0 6
P 2O 5 - 0 . 1 8 - 0 . 5 7 0 . 1 7 0 . 3 7 0 . 6 4 - 0 . 2 1 0.01
S 0 3 - 0 . 4 8 - 0 . 2 2 - 0 . 4 1 0 . 5 2 - 0 . 3 8 - 0 . 0 3 - 0 . 3 5
k 2 o 0 . 8 4 0.20 0 . 0 9 - 0 . 0 8 0 . 0 9 - 0 . 3 1 - 0 . 3 0
C a O 0 . 5 5 - 0 . 1 5 0 . 7 1 0.02 - 0 . 1 5 - 0 . 1 7 - 0 . 0 4
T i 0 2 0 . 7 1 - 0 . 1 3 - 0 . 5 9 - 0 . 1 7 0 . 1 5 0 . 0 9 - 0 . 1 3
M n O 0 . 2 3 - 0 . 8 9 - 0 . 2 5 - 0 . 0 5 - 0 . 1 3 0.00 0 . 1 9
F e O - 0 . 8 7 0.11 0 . 3 9 - 0 . 1 7 0 . 0 7 0 . 0 5 - 0 . 1 9
S r O 0 . 5 1 - 0 . 6 1 0 . 3 2 0.20 - 0 . 3 7 - 0 . 0 7 0.10
B a O 0 . 3 9 - 0 . 7 6 - 0 . 1 9 - 0 . 2 5 0 . 1 6 0.22 - 0 . 2 0
E i g e n v a l u e s 3 . 9 0 2 . 9 0 1 . 9 5 1.01 0 . 8 2 0 . 4 4 0 . 3 8
%  v a r i a t i o n 3 2 . 5 2 2 4 . 1 3 1 6 . 2 3 8 . 3 9 6.86 3 . 7 0 3 . 1 8
C u m u l a t i v e  % 3 2 . 5 2 5 6 . 6 5 7 2 . 8 8 8 1 . 2 7 8 8 . 1 4 9 1 . 8 3 9 5 . 0 1
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